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ABSTRACT

Urbanization of parts of the Snyderville basin has been
accompanied by an increasing demand to develop the area’s
ground-water resources.  Ground water is present in shallow
unconsolidated deposits and fractured rock.  Because of the
limited extent and thickness of the unconsolidated deposits,
the ground-water resources in fractured rock have a greater
potential for future development.

The unconsolidated deposits consist primarily of alluvi-
um and glacial till and outwash.  Glacial or colluvial deposits
form only a thin veneer in most upland areas.  In lowland
areas, the thickness of the deposits generally exceeds 40 feet
(12 m), and may be as much as 275 feet (84 m) in the south-
ern part of Parleys Park.  The combination of the exception-
al thickness of unconsolidated deposits and shallow water
table in the southern part of Parleys Park suggests that the
unconsolidated aquifer is more substantial here than else-
where in the study area.  However, the deposits are typically
fine-grained and unlikely to produce high-yielding wells.

Fractured sedimentary and volcanic rocks consist of
limestone, sandstone, quartzite, siltstone, shale, tuff, and vol-
canic breccia.  Permeability in these rocks is primarily a
result of fracturing which may be locally enhanced by solu-
tion widening in limestone and other calcareous units.  Pri-
mary permeability in Cretaceous sedimentary rocks and
locally in the lower part of the Keetley Volcanics may be suf-
ficiently high to yield small quantities of water to wells.
However, primary permeability in Jurassic or older lime-
stones and sandstones is probably negligible.

Fracture characteristics, excluding attitude, are generally
controlled by lithology and therefore do not vary significant-
ly in a lithologically homogeneous formation or member.
Joints, bedding joints, and cleavage fractures likely enhance
rock permeability but the overall increase in rock-mass per-
meability because of their presence may locally be negligi-
ble.  Faults may act as conduits, increasing permeability par-
allel to the fault but generally inhibiting ground-water flow
perpendicular to the fault.  In general, fractures in limestone
and sandstone are more persistent than fractures in shale,
allowing ground water to flow perpendicular to beds.  High-
angle-to-bedding fractures in shale generally have very low
persistence, terminate against shale partings or ductile beds,
and are tight or clay-infilled.  Whereas persistent bedding
fractures in shale may act as ground-water conduits parallel

to bedding, high-angle-to-bedding fractures likely have a
negligible influence on the ability of ground water to flow
perpendicular to bedding.  Hydraulic conductivities of frac-
ture-poor shale beds, such as the gypsiferous shale bed in the
lower part of the Woodside Shale, likely approach that of
intact (unfractured) shale.

Fractured limestone and sandstone beds form strati-
graphic ground-water compartments (SGWCs) that are sepa-
rated by shale confining beds that have very low hydraulic
conductivity perpendicular to bedding.   Aquifer-test results
indicate a lack of hydraulic communication between wells
completed in fractured limestone and sandstone SGWCs sep-
arated by intervening shale confining beds.  Stratigraphic
control of ground-water flow is also indicated by historical
accounts from mine workings.  Water accumulation above
fracture-poor shale beds likely reflects the inability of ground
water to flow perpendicular to these beds.

Macroscopic faults act in a complex manner as ground-
water conduit-barrier systems and also sever the continuity
of SGWCs.  Fault-zone cores commonly consist of gouge
zones that likely act as barriers to ground-water flow.
Gouge-zone width is a function of wall-rock type and the
amount of displacement on the fault.  Zones of interconnect-
ed subsidiary fractures in brittle wall rock may act as con-
duits parallel to the fault, but may terminate along strike at
contacts with ductile rock types.

Severing of SGWCs by faults has resulted in the forma-
tion of at least sixteen discrete ground-water compartments
(GWCs).  Several GWCs, including those in the Twin Creek
Limestone and Thaynes Formation, may be subdividable on
the basis that they contain an intraformational confining bed.
All GWCs vary considerably in extent, thickness, physiogra-
phy, and hydrology.  Some GWCs have small recharge areas
and thus have low safe yields.

Although fracture trends vary across the study area, dis-
tinct fracture domains with different fracture trends are rec-
ognizable.  Whereas major structures or geologic contacts in
many cases are fracture-domain boundaries, in some cases,
such as in the Keetley Volcanics, fracture-domain boundaries
are less well defined and transitional.  Fracture patterns present-
ed on rose diagrams may be useful in predicting hydraulic
communication between wells in a single GWC and help
predict the shape of drawdown cones.  Fracture-trend data
determined from outcrops correlate well with subsurface
fracture data, but correlate poorly with linear-trace data.
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Other factors may affect the production history or yields
of wells completed in fractured rock.  Reduction in pore pres-
sure during continuous pumping may close fractures.  Frac-
ture aperture may not recover as a result of seasonal spring
recharge, causing diminishing well yields over time.  Solu-
tion widening in limestone and calcareous rocks may gradu-
ally increase fracture permeability and may favor specific
structural settings such as the crests of anticlines.  As a result
of the steep dip of most fractures, vertical wells are less like-
ly to intercept transmissive fracture zones.  Higher well
yields may be achieved using inclined drilling methods, par-
ticularly in formations such as the Nugget Sandstone and
Weber Quartzite, where moderate- to low-angle bedding
fractures are rare.  Water-well-production-history data reveal
seasonal fluctuations in well yields that suggest fracture-stor-
age characteristics may preclude long-term storage of
recharge.

INTRODUCTION

Background 

The Snyderville basin is in the Wasatch Range section of
the Middle Rocky Mountains physiographic province in
north-central Utah (Stokes, 1977).  The basin is about 20
miles (32 km) east of Salt Lake City on the eastern slope of
the Wasatch Range in western Summit County (figure 1,
plate 1).  Park City, with an estimated population in 2000 of
6,750, is the largest urban area in the basin.  Park City began
as a silver-mining community in the late 1860s and mining
was the primary industry in the area for more than 100 years.
All mines are currently idle.  The first ski resort, Park City
Ski Resort, was developed in 1963.  Skiing surpassed mining
as the major industry in the area in the 1970s as additional
winter recreational facilities such as The Canyons (original-
ly Park West) and Deer Valley ski resorts were developed.
The Snyderville basin is experiencing rapid growth due to its
recreation facilities, mild summer climate, spectacular
mountain scenery, and proximity to the Wasatch Front met-
ropolitan area.  Park City’s population increased by 58 per-
cent between 1980 and 1990, and 38 percent between 1990
and 1994.  The peak-season population for the entire basin is
estimated to reach 47,180 by the year 2000 (Economics
Research Associates, 1981).

As a result of this growth, the demand to develop the
area's ground-water resources is increasing.  Presently
ground water is withdrawn from wells completed in uncon-
solidated deposits or fractured rock and from tunnels in rock
in the Park City mining district.  Most new residential devel-
opments outside the Park City corporate boundary rely on
springs and wells that are completed in fractured rock for
their water supplies.

Physiography

Terrain in the Snyderville basin area ranges from steep,
rugged mountains cut by deep canyons in the south, to broad
valley bottoms in the center of the basin and low hills in the
north.  The Wasatch Range portion of the Snyderville basin
includes high alpine terrain with peaks above 10,000 feet
(3,050 m).  The mountain ridges consist primarily of erosion-
resistant sedimentary and igneous rock.  Areas at higher ele-
vations were glaciated during the Pleistocene and glaciated
canyons contain cirques and moraines.  The broad valley bot-
toms in the central Snyderville basin were formed by deposi-
tion of alluvium and glacial outwash by streams flowing out
of the Wasatch Range.  The low, rounded hills in the north
have gentle slopes and low relief because they are underlain
by less-resistant bedrock (shale, mudstone, and siltstone). 

The two major drainages in the Snyderville basin area
are Silver Creek and East Canyon-Kimball Creek.  Silver
Creek, which heads in Empire Canyon, is the principal
drainage on the eastern side of the basin.  East Canyon-Kim-
ball Creek, which heads in Thaynes Canyon where it is called
McLeod Creek, is the principal drainage on the western side
of the basin.  Both flow from the southern boundary of the
basin northward and eventually join the Weber River.  The
lowest elevations are along East Canyon-Kimball Creek and
Silver Creek where they exit the basin at about 6,280 feet
(1,910 m) in the northwestern and northeastern parts of the
study area, respectively.

The Snyderville basin has a sub-humid climate.  Annual
precipitation ranges from 20 to 25 inches (51-64 cm) in the
lower parts of the basin to 25 to 30 inches (64-76 cm) in the
mountains (Baker, 1970).  Most of the precipitation falls as
snow during November through April.  May through Sep-
tember is generally the driest period, with less than 8 inches
(20 cm) of precipitation (Baker, 1970).

Purpose and Scope

The purpose of this study is to provide geologic infor-
mation important in assessing ground-water resources and
siting water wells in the Snyderville basin.  This geologic
study was one phase of a cooperative and more comprehen-
sive water-resource investigation.  Subsequent phases con-
ducted by the U.S. Geological Survey Water Resources Divi-
sion (USGS WRD), focused on the hydrology of the Sny-
derville basin.  The information presented in this report is
generalized and is not intended to substitute for site-specific
investigations.  Future detailed studies will add to the under-
standing of the geology and ground-water resources of the
study area and supplement the information presented herein.

The scope of work for this study included producing
maps and cross sections to help determine the relationship
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between geology and ground water.  To accomplish this we
did the following:

1. Reviewed available geologic data, including:
published geologic maps, unpublished geologic
information such as university theses and data
from mines, and drillers’ logs of water wells.

2. Modified geologic mapping compiled from pub-
lished maps by the U.S. Geological Survey
(USGS).  

3. Mapped linear traces (possibly representing
faults and major fractures) using aerial photos.  

4. Measured fracture characteristics (orientation,
aperture width, fracture filling, spacing) at out-
crops and mining-related exposures (adits, drain
tunnels, quarries) and transferred appropriate
parameters onto compiled geologic maps.  These
data were augmented with fracture information
from unpublished data from mines.  We analyzed
fracture-trend data and plotted rose diagrams to
determine domains. 

5. Compiled cross sections in valley-fill deposits
using drillers’ logs of water wells and seismic-
refraction soundings to show depth to bedrock
and, where possible, stratigraphy in the uncon-
solidated sediments.  We constructed a map de-
lineating the unconsolidated aquifer in the basin.

6. Constructed geologic cross sections based on the
compiled geologic mapping.   

7. Constructed structure-contour and isochore maps
for the principal aquifer-forming formations in
the basin.

8. Analyzed data and prepared maps and this final
report.

The study was performed from July 1994 through October
1995.  Principal field work was completed from July to Sep-
tember 1994.  Additional data gathering and analysis was
conducted between September 1996 and February 1998.

Organization of the Report

This report is divided into several parts.  The first part
introduces the general stratigraphy and structure that pro-
vides an overall geologic framework for understanding the
ground-water resources of the study area.  The second part
discusses the characteristics of unconsolidated deposits in the
study area.  The last part of the report discusses the charac-
teristics of fractured rocks.  It also introduces a conceptual
hydrostratigraphic model for these rock units that incorpo-
rates the variable fracture characteristics and demonstrates
how major faults sever the continuity of the hydrostrati-
graphic units.  Plates in this report include cross sections and
maps showing the general geology, structure, and thickness
of important fractured-rock units.  Appendix A discusses the
methods used to collect and analyze data presented in the
report.  Appendix B explains how to use plates 4 through 11.
Appendices C through F contain a variety of technical infor-
mation that may be useful to some readers.  A glossary is
attached to assist in understanding technical terms.  Unit
measurements are given using standard conventions and are
followed by a conversion.

Previous Work

The first extensive geologic study of the Park City min-
ing district, by Boutwell (1912), remains the standard refer-
ence for the area and contains useful accounts of ground-
water conditions encountered in mine workings.  Wilson
(1959), Eardley (1968), and Bromfield (1968, 1989) also
discuss the geology of the Park City mining district.  Geo-
logic maps in the Snyderville basin include Baker and others
(1966), Crittenden and others (1966), Bromfield and others
(1970), Bromfield and Crittenden (1971), and Bryant (1990,
1992).  Crittenden (1974) discussed the regional extent and
age of thrusts in the northern Utah area.  The U.S. Depart-
ment of Agriculture Soil Conservation Service [now Natural
Resources Conservation Service] (1977) mapped soils in the
area.  Gill and Lund (1984) discussed the engineering geolo-
gy of the Park City area.  Much of the unpublished geologic
and hydrologic information has been gathered by various
mining companies; United Park City Mines Company pro-
vided some of this information for use in this study.  Hydro-
logic reports pertaining to the study area include Baker
(1970) and Holmes and others (1986).  Jarvis and Yonkee
(1993), Weston Engineering, Inc. (1996a), and Jarvis and
Loughlin (1996) discuss the hydrogeology in the Summit
Park area.  Weston Engineering, Inc. (1996b) studied the
hydrogeology of the Pinebrook area.  The USGS WRD
(Downhour and Brooks, 1996) studied surface and ground-
water hydrology in the Park City area.  This study was orig-
inally published as Utah Geological Survey Open-File
Report 337 and, as presented herein, is slightly modified
from that report.

GEOLOGIC FRAMEWORK

Water-yielding geologic units in the study area consist of
unconsolidated deposits and fractured rock.  The majority of
rock units are sedimentary rocks that have been folded and
faulted and are locally overlain by unconsolidated deposits.
The following sections describe the geologic units and major
structures that deform the sedimentary rocks to provide a
geologic framework for understanding the hydrostratigraphy.

Stratigraphy

Geologic units in the Snyderville basin range in age from
Pennsylvanian to Holocene (figure 2).  Sedimentary rocks
consist of Pennsylvanian to Tertiary quartzite, limestone,
sandstone, siltstone, mudstone, conglomerate, and shale.
Tertiary igneous rocks consist of andesite breccia and tuff
(volcanic) and quartz monzonite and granodiorite porphyry
(intrusive).  Pennsylvanian to Jurassic sedimentary rocks
crop out primarily in the southern and western parts of the
basin, Cretaceous sedimentary rocks crop out in the north-
western part, and Tertiary rocks crop out primarily in the
northern and eastern parts (plate 2).  Unconsolidated deposits
consist of Tertiary gravel and Quaternary glacial deposits,
landslide deposits, alluvium, and colluvium.

Paleozoic

Pennsylvanian: The oldest rock unit that crops out in the

3Geology of Snyderville basin



Snyderville basin is the Weber Quartzite (IPw).  It consists of
medium- to thick-bedded, pale-gray, tan-weathering, fine-
grained quartzite and sandstone containing some thin, light
gray to white limestone and dolostone interbeds (Crittenden
and others, 1966; Barnes and Simos, 1968; Bromfield, 1968).
Barnes and Simos (1968) tentatively subdivided the Weber
Quartzite into three informal units, the lower, middle, and

upper members.  The lower member consists of interbedded
quartzite and sandstone; the middle member is mostly mas-
sive quartzite; and upper member consists of interbedded
quartzite, limestone, and dolostone.  Overall, limestone and
dolostone make up about 15 to 20 percent of the stratigraph-
ic section (Bromfield, 1968).  In the Park City mining dis-
trict, the Weber Quartzite is estimated to be between 1,215
and 1,350 feet (370-411 m) thick by Barnes and Simos
(1968) and between 1,300 and 1,500 feet (396-457 m) thick
by Bromfield (1968).
Permian: The Park City Formation (Ppc) is a lithologically
heterogeneous unit (Barnes and Simos, 1968) that consists of
interbedded limestone, dolostone, sandstone, siltstone, and
shale.  Limestones range from "massive, gray, and finely
crystalline to thin-bedded, black, and fossiliferous with very
thin shaly partings" (Barnes and Simos, 1968).  The forma-
tion contains a middle phosphatic shale member (Bromfield
and Crittenden, 1971).  In the Park City mining district, the
Park City Formation is estimated to be approximately 670
feet (204 m) thick by Barnes and Simos (1968) and between
550 and 650 feet (168-198 m) thick by Bromfield (1968).

Mesozoic

Triassic: The Woodside Shale (TRw) consists of interbedded
dark- and purplish-red shale, siltstone, and very fine-grained
sandstone (Bromfield, 1968; Bromfield and Crittenden
1971).  Shale becomes more dominant toward the bottom of
the formation.  A gypsiferous shale bed in the lower part of
the formation is exposed in the Spiro Tunnel.  In the Park
City mining district, the Woodside Shale is estimated to be
between 680 and 700 feet (207-213 m) thick by Barnes and
Simos (1968) and between 700 and 800 feet (213-244 m)
thick by Bromfield (1968).

The Thaynes Formation (TRt) consists of brown-weather-
ing, fine-grained, limy sandstone and siltstone interbedded
with olive-green to dull-red shale and gray, fine-grained, fos-
siliferous limestone (Crittenden and others, 1966; Bromfield
and Crittenden, 1971).  A shale unit, known as the “mid-red
shale” (of Boutwell, 1912; and Barnes and Simos, 1968), di-
vides the formation into an upper and lower section of near-
ly equal thickness.  The upper section is more calcareous
than the lower.  In the Park City mining district, the Thaynes
Formation is estimated to be about 1,150 feet (351 m) thick
by Barnes and Simos (1968) and between 1,100 and 1,300
feet (335-396 m) thick by Bromfield (1968).

The Ankareh Formation (TRa) comprises three members;
the lower Mahogany Member (TRam), the middle Gartra Grit
Member (TRag), and the upper member (TRau).  The Ma-
hogany Member consists of about 960 feet (293 m) of pur-
plish-gray and pale-red, ripple-laminated, fine-grained sand-
stone, purplish mudstone, and a few thin limestone beds
(Bromfield, 1968; Bromfield and Crittenden, 1971).  The
middle Gartra Grit Member consists of between 40 and 100
feet (12-30 m) of white to pale-purple, massive, cross-bed-
ded, coarse-grained to pebbly quartzite (Bromfield, 1968;
Bromfield and Crittenden, 1971).  The upper member con-
sists of moderate-red, grayish-red, and grayish-purple mud-
stone and fine-grained sandstone (Bromfield, 1968; Brom-
field and Crittenden, 1971).  The contact between the Gartra
Grit Member and the upper member is gradational.
Jurassic: The Nugget Sandstone (Jn) consists of pale-red to
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pale-orange, fine- to medium grained, cross-bedded sand-
stone (Bromfield, 1968; Bromfield and Crittenden, 1971).
The thickness of the Nugget Sandstone is estimated to be
about 800 feet (244 m) in the Park City area by Bromfield
(1968) and about 1,400 feet (427 m) in the Summit Park area
by Jarvis and Yonkee (1993).

The Twin Creek Limestone (Jt; Jtc of Crittenden and oth-
ers, 1966) comprises seven members:  the Gypsum Spring,
Sliderock, Rich, Boundary Ridge, Watton Canyon, Leeds
Creek, and Giraffe Creek Members (Imlay, 1967; Hintze,
1988).  The Gypsum Spring Member at the base of the unit
is a gypsiferous, red to red-brown clayey siltstone and silty
claystone containing local blocks of gray to pink limestone
(Imlay, 1967; Jarvis and Yonkee, 1993).  The upper members
of the Twin Creek Limestone in the Snyderville basin area
consist primarily of olive drab-weathering, gray, oolitic, fine-
ly crystalline, and clayey to silty (micritic) limestone (Crit-
tenden and others, 1966; Jarvis and Yonkee, 1993).  Howev-
er, the Boundary Ridge Member also contains a red mud-
stone layer.  The Twin Creek is estimated to be about 1,400
feet (427 m) thick near the eastern boundary of the study area
by Bromfield and Crittenden (1971) and about 2,600 feet
(792 m) thick in the Summit Park area by Jarvis and Yonkee
(1993).

The Preuss Sandstone (Jp) consists mainly of pale-red,
interbedded, silty sandstone and shale (Granger, 1953).  The
middle to upper part of the formation is mostly shale.  The
Preuss Sandstone is estimated to be about 1,000 feet (305 m)
thick (Granger, 1953; Bromfield and Crittenden, 1971). 
Cretaceous: The Kelvin Formation (Kk) comprises a lower
Parleys Limestone Member (Kkp) and an unnamed upper
member (Hintze, 1988).  The Parleys Limestone Member
(Morrison [?] Formation of Granger, 1953) consists of very
light-gray, algal limestone and pale red siltstone, sandstone,
and conglomerate and is about 100 feet (30 m) thick.  The
upper member (Kk) consists of red siltstone, purplish-red
sandstone, and sandy conglomerate and is about 1,500 feet
(457 m) thick (Granger, 1953).  

The Frontier Formation (Kf) consists of pale yellowish-
brown sandstone interbedded with pale yellowish-brown to
pale red tuffaceous clay and some conglomerate and is about
8,700 feet (2,653 m) thick (Granger, 1953).  Conglomerate,
belonging to the conglomerate facies (Kfcg) of Bryant
(1990), becomes dominant in the upper part of the Frontier
Formation.

Cenozoic

Tertiary: The Wasatch Formation (Twc) in the Snyderville
basin area consists of a conglomerate containing well-round-
ed, mostly sandstone and quartzite pebbles and boulders
(Granger, 1953; Gill and Lund, 1984; Bryant, 1990).  The
deposits are localized and very thin in some areas (Gill and
Lund, 1984).  

An Oligocene and Eocene(?) conglomerate (Toc) con-
sists of boulder, cobble, and pebble conglomerate derived
primarily from upper Paleozoic and Mesozoic sandstones,
but also contains a few lahars and beds of tuff and volcanic
gravel (Bryant, 1990).  The conglomerate unconformably
overlies Jurassic and Cretaceous rocks and underlies the
Keetley Volcanics north and east of Kimball Junction  (Crit-
tenden and others, 1966).

Oligocene intrusive rocks (Ti; Tgp and Tm of Bryant,
1990), consisting mostly of monzonite, quartz monzonite,
and granodiorite porphyry and small dikes of intermediate
composition (Boutwell, 1912; Baker and others, 1966;
Bryant, 1990), are found in the southernmost part of the Sny-
derville basin.

The Oligocene Keetley Volcanics (Tk; Tkb of Bryant,
1990) consist mostly of flows, tuffs, and volcanic breccias of
andesitic to rhyodacitic composition (Kildale, 1956; Critten-
den and others, 1966; Bromfield and Crittenden, 1971).  The
Silver Creek Breccia Member (Tksc of Bromfield and Crit-
tenden, 1971) is the primary member of the Keetley Vol-
canics that crops out in the study area. 
Quaternary: Quaternary unconsolidated deposits in the
Snyderville basin include Pleistocene glacial till and outwash
(Qtp of Bryant, 1990), and alluvium, alluvial-fan deposits,
colluvium, and landslides of Pleistocene to Holocene age
(Qop and Qoa of Bryant, 1990).  Glacial till, landslides, and
colluvium are of limited areal extent and/or thickness.
Glacial outwash, alluvial-fan deposits, and Pleistocene to
Holocene alluvial sediments are found over much of the
Snyderville basin.  The alluvial deposits consist chiefly of
gravel, sand, silt, and clay.  These alluvial sediments are gen-
erally finer grained where derived primarily from limestone,
shale, siltstone, and mudstone rock units.

Structure

The sedimentary rocks in the study area have been com-
plexly folded and fractured by multiple episodes of deforma-
tion (plate 2) and to a lesser extent by intrusion of Tertiary
igneous rocks (Boutwell, 1912).  Most rocks in the north-
western part of the study area are in the hanging wall of the
Mount Raymond-Medicine Butte thrust (Bryant, 1990).  The
thrust is part of a series of thrust faults that make up the
Cordilleran thrust belt and that transported hanging-wall
rocks eastward during the Cretaceous to early Tertiary Sevi-
er orogeny.  The hanging-wall rocks experienced at least two
episodes of folding (Bradley and Bruhn, 1988; Bryant 1990;
Yonkee and others, 1992) and related deformation.  Most
rocks in the southeastern part of the study area are below (in
the footwall of) the Mount Raymond-Medicine Butte thrust.
These footwall rocks also experienced at least two distinct
episodes of folding, in addition to Tertiary extensional defor-
mation and intrusion.  Tertiary high-angle normal faults and
related wall-rock deformation become increasingly dominant
to the south.

Thrust Faults

Mount Raymond-Medicine Butte thrust: The Mount Ray-
mond-Medicine Butte thrust is the only major thrust fault in
the Cordilleran thrust belt that crosses the study area.  Rocks
in the hanging wall were transported eastward by the thrust
and were folded and fractured.  Enough transport occurred
that the isopach thicknesses of some formations are signifi-
cantly different on opposite sides of the fault (table 1).  In
addition, and probably most importantly to the overall hydro-
geologic framework of the study area, the thrust severs the
entire stratigraphic sequence of sedimentary rocks.  South-
west of Kimball Junction (plate 2; sections 23, 24, 25, 26, 35,
and 36, T. 1. S., R. 3. E.), for instance, the thrust juxtaposes
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the Park City Formation against the Nugget and Twin Creek
Formations.

As mapped by Crittenden and others (1966), the thrust
trace is sinuous across the study area as a result of folding but
also, to a lesser extent, topography (figure 3).  The thrust
strikes east-northeast where it enters the study area in the
west.  However, the thrust curves northeast where it is appar-
ently folded by two gently plunging to horizontal folds.  The
Willow Draw anticline is the westernmost of the two folds.
On the northwest limb of this fold the thrust juxtaposes the
Park City Formation against the Twin Creek Limestone and
Nugget Sandstone.  The trace continues northeast to Kimball
Junction where it curves across the nose of the fold.  Critten-
den and others (1966) show the thrust trace on the southeast
limb of the anticline to continuing southwest parallel to its
trace on the northwest limb.  The easternmost fold, the Dutch
Draw syncline, folds the thrust so that its trace curves back
to the northeast near Iron Hill.

The exact location of the thrust trace along the southeast
limb of the Dutch Draw syncline and the position where the
thrust merges with other imbricate strands are unknown
because it is covered by Tertiary and younger deposits.  Crit-
tenden and others (1966) mapped only a single trace that
extended northeast across Parleys Park.  A later interpretation
by Crittenden (1974) shows two strands that diverge some-
where beneath the unconsolidated deposits in Parleys Park.
In the Rockport Reservoir area northeast of the study area,
Crittenden (1974) named the northwestern strand the Dry
Canyon thrust and the southeastern strand the Crandall
Canyon thrust.  The southeastern strand has subsequently
been referred to as the Mount Raymond-Absaroka thrust
(Lamerson, 1982; Bradley and Bruhn, 1988; Yonkee and oth-
ers, 1992).  Bryant (1990) considers the northwestern strand
to be the southwestern continuation of the Medicine Butte
thrust.

Whereas many subsequent researchers (Crittenden,
1974; Bradley and Bruhn, 1988; Bryant, 1990; Yonkee and
others, 1992) have adopted or slightly modified this interpre-
tation, others (Lamerson, 1982; B. McBride, formerly with
Mobil Oil, verbal communication, 1996) have reinterpreted
the structural geology of the area and show the trace of the
thrust as having a simpler map pattern (figure 3).  Lamerson

(1982) shows the thrust trace to trend roughly east from Kim-
ball Junction.  This interpretation is consistent with the fold-
ing of a high-angle fault that strikes oblique to the trend of
the fold.  We adopt the thrust trace of Lamerson (1982), but
favor the interpretation of Bryant (1990) and others (Willis,
1999) that the thrust is the Medicine Butte rather than the
Absaroka.

Although the presence of a thrust that places the Nugget
Sandstone over the Twin Creek Limestone near Snyderville
is unequivocal, this thrust may not be the Mount Raymond-
Medicine Butte.  Preliminary mapping by Mobil Oil (B.
McBride, verbal communication, 1996) interprets the thrust
near Snyderville as a high-angle out-of-syncline backthrust
in the footwall of the Mount Raymond-Medicine Butte
thrust.  We interpret the thrust trace as mapped by Lamerson
(1982) to be the Mount Raymond-Medicine Butte thrust.
Toll Canyon fault: The Toll Canyon fault (Crittenden and
others, 1966; Yonkee and others, 1992) trends east-northeast
between Summit Park and Ecker Hill (plates 1 and 2).  The
fault trace continues to the southwest, outside of the study
area, where it appears to terminate south of Lambs Canyon.
Jarvis and Yonkee (1993) recognized a second upper strand
of the fault in the Summit Park area.  The two strands bound
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Figure 3. Alternate interpretations of the Mount Raymond-Medicine
Butte thrust trace.  (a) Recent mapping by B. McBride for Mobil Oil
indicates that the thrust exposed near Snyderville is a separate back-
thrust that we refer to as the Snyderville backthrust.  (b) Crittenden and
others (1966) mapped this as the Mount Raymond-Absaroka thrust and
interpreted it to be folded by the Willow Draw anticline.  Most later
researchers adopted this interpretation.  However, we favor the inter-
pretation shown in (a).  Bryant (1990) and Willis (1999) show the
thrust trace to be in Medicine Butte and not the Absaroka.

Table 1.  
Summary of formation isopach thicknesses.

Formation Hanging-Wall Footwall   
Thickness Thickness

(ft) (ft)

Twin Creek Ls. 2,6401 1,5002

Nugget Ss. 1,4001 1,1502

Thaynes Fm. 2,2003 1,1504

Park City Fm. 9705 6706

1 Jarvis and Yonkee (1993).
2 This report based on Mount (1952), Bromfield and Crittenden (1971), 

and Hintze (1988). 
3 This report based on mapping of Crittenden and others (1966).
4 Barnes and Simos (1968) and Hintze (1988).
5 Granger (1953).
6 Barnes and Simos (1968).



a complexly deformed zone in the Twin Creek Limestone.
The upper strand splays from the main, lower strand just
west of the study-area boundary.  From that point, it trends
roughly parallel to the main strand for about a quarter mile
(0.4 km), and then curves to the north.  The main strand con-
tinues east-northeast toward Ecker Hill.  To the west-north-
west of Ecker Hill (section 10, T. 1 S., R. 3 E.), the fault off-
sets the lower contact of the Nugget Sandstone about 2,300
feet (700 m).  In this area, faulting juxtaposes the Nugget and
Ankareh Formations on the north against the Twin Creek and
Nugget Formations, respectively, on the south.  Jarvis and
Yonkee (1993) estimated the throw across the fault (zone) to
be roughly 755 feet (230 m) in the Summit Park area (section
16, T. 1 S., R. 3 E.) with an apparent northwest side-up dis-
placement.  In this area, faulting juxtaposes Nugget Sand-
stone on the north against Twin Creek Limestone on the
south in the subsurface.  The fault is speculated to dip steeply
north.  The Toll Canyon fault may be a subsidiary hanging-
wall imbricate thrust to the Mount Raymond-Medicine Butte
thrust.
Frog Valley thrust: The Frog Valley thrust (Boutwell,
1912) is a roughly north-south-trending fault on the east side
of the Park City mining district.  The thrust apparently is
truncated to the south by the east-northeast-trending Hawk-
eye-McHenry fault located just outside the southeast part of
the study area.  The thrust trends generally northward along
the east side of Bald Eagle Mountain and Deer Valley and
dips roughly 45 degrees to the west (Boutwell, 1912).  The
fault juxtaposes Weber Quartzite on the west against the
Woodside Shale and Park City Formation on the east.  Throw
across the fault increases to the north with an apparent west-
side-up displacement.  North of Deer Valley, the fault trace
continues north-northeast where it disappears beneath Qua-
ternary and Tertiary deposits.  The thrust may be equivalent
to an unnamed east-northeast-trending thrust (Bryant, 1990)
located approximately 3 miles (5 km) southeast of the Cran-
dall Canyon thrust at Rockport Reservoir.  In such a case, the
Frog Valley thrust would represent a subsidiary frontal
imbricate thrust to the Mount Raymond-Medicine Butte
thrust.  Some geomorphic evidence suggests that the Frog
Valley thrust has been reactivated as a down-to-the-
west normal fault (Sullivan and others, 1986).

High-Angle Faults in the Park City Mining
District

The major faults in the Park City mining district
are high-angle normal faults that generally strike
east-west to east-northeast.  These faults were sites of
mineralization and subsequent mining activity, and
include the Crescent and Ontario-Daly West faults.
The faults postdate folds and thrusts, such as the Park
City anticline and Frog Valley thrust, and are consid-
ered to be nearly contemporaneous with intrusion of
the Tertiary igneous rocks (Barnes and Simos, 1968).

Folds

Multiple episodes of folding (plate 2; appendix C)
deformed the layered sedimentary rocks in the study
area.  North- to northeast-plunging folds are rotated
by younger, northeast(?)- to east-northeast-plunging
folds (Bradley and Bruhn, 1988).  Disharmonic folds

(see glossary) formed mostly above the Mount Raymond-
Medicine Butte thrust and are especially prominent in the
Twin Creek Limestone (figure 4).  Folds also occur in the
footwall of the thrust that either postdate or initiated during
the latest stage of thrusting, because northeast-plunging folds
deform the Mount Raymond-Medicine Butte thrust.  Dishar-
monic, northwest-plunging folds represent a distinct phase of
folding in the footwall of the Mount Raymond-Medicine
Butte thrust.  Minor Tertiary folds and flexures related to
high-angle normal faults are superimposed on older folds in
the Park City mining district (Barnes and Simos, 1968).   
Parleys Canyon syncline:The Parleys Canyon syncline is
a broad, northeast-plunging fold that has a trough line north-
west of the study area.  It is important because all of the
rocks in the hanging wall of the Mount Raymond-Medicine
Butte thrust are folded by it.  The rocks in the northern part
of the study area dip to the north to form the southeast limb
of the fold.  Rocks underlying the Preuss Formation are fold-
ed by an older phase of north-northeast- and a few north-
northwest-trending folds.  The Preuss and younger forma-
tions do not appear to be deformed by these folds.
Willow Draw anticline: The Willow Draw anticline (Crit-
tenden and others, 1966) is the westernmost of a pair of hor-
izontal to moderately northeast-plunging folds that deform
the Mount Raymond-Medicine Butte thrust.  Due to the
paucity of outcrops on the northwest limb of the fold, the
fold geometry can only be approximated.  The anticline is an
upright, close to gentle (see “Fold Tightness” in glossary)
fold that ranges from horizontal in the northeast to moder-
ately northeast-plunging in the southwest.  Crittenden and
others (1966) show the fold becoming tighter to the south-
west.  Erosion has exposed the uppermost footwall rocks
(Twin Creek, Nugget, and Ankareh Formations) beneath the
thrust in the core of the fold.  As a result of a combination of
erosion and faulting, the Twin Creek Limestone and Nugget
Sandstone are present only on the limbs of the southwestern
half of the fold.  Because of faulting, only the lower part of
the Twin Creek Limestone is present on the limbs of the fold.
The partial Twin Creek sequence is thickest on the southeast
limb of the fold.
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Figure 4. Folding in the Twin Creek Limestone.  View is to the west.  Hammer
shown for scale.  Exposure located in foundation excavation in SE 1/4 section 9, T.
1 S., R. 3 E.



Dutch Draw syncline: The Dutch Draw syncline (Critten-
den and others, 1966) is the eastern companion fold to the
Willow Draw anticline.  The fold geometry is less well con-
strained than that of the Willow Draw anticline due to a lack
of outcrops on its southeast limb.  The fold ranges from hor-
izontal in the northeast to moderately plunging in the south-
west, similar to the Willow Draw anticline.  We estimate the
fold axis attitude to range between upright and steeply plung-
ing and the fold tightness to range between close and gentle.
The series of northwest-plunging folds located to the south-
east may deform the southeast limb of the Dutch Draw syn-
cline.  However, there is no evidence to either support or
refute this speculation.  If the northwest-plunging folds do
not deform the southeast limb, they must die out rapidly
beneath the Quaternary cover and are disharmonic folds.
The Twin Creek and Nugget Formations are exposed in the
up-plunge nose and along part of the northwest limb of the
fold.  Rocks folded by the syncline are buried by alluvium to
the northeast.  The Mount Raymond-Medicine Butte thrust
may be folded by the syncline (Crittenden and others, 1966)
or an out-of-syncline backthrust may offset formations on
the fold’s northwest limb (B. McBride, verbal communica-
tion, 1996).
Park City anticline: The Park City anticline has been
described extensively in the geologic literature (Boutwell,
1912; Barnes and Simos, 1968; Bromfield, 1989) due to its
prominence in the Park City mining district.  The anticline is
a gentle, north- to northwest-plunging fold that can be traced
as far south as Bald Mountain, where it truncates against sev-
eral igneous intrusions. 

The fold is dissected by numerous high-angle normal
faults described above that are roughly perpendicular to its
axis (Barnes and Simos, 1968).  The Frog Valley thrust sev-
ers the east limb of the anticline.  Erosion has exposed the
Weber Quartzite in the core of the fold and the Park City,
Woodside, and Thaynes Formations on both limbs.

Discrepancy exists regarding the location of the northern
portion of the crest line of the fold.  Boutwell (1912) did not
label the crest line of the fold on the geologic map included
in his report.  However, a cross section shows that the crest
line crosses through the Rossi Hill area between Park City
and Deer Valley.  Later mapping by Bromfield and Critten-
den (1971) shows the crest line to be farther to the west along
the west side of Ontario Ridge.  A later unpublished map
(provided by K. Gee of United Park City Mines Co.) shows
the crest line to trend roughly north-south in the position
depicted in Boutwell's cross section.  The discrepancy is
likely a result of differences in the quality of data available
to mappers.  At the surface the anticline is defined by bed-
ding in the poorly bedded Weber Quartzite.  The recognition
of bedding and the ability to differentiate it from sheeting at
surface outcrops is a difficult task, whereas the recognition
of apparent dips of bedding in mine workings is less so.
Therefore, we favor the interpretation based on the subsur-
face data.

We speculate that the Park City anticline bifurcates and
a branch continues farther northwest than previously
mapped, although a second northeast-trending branch likely
also is in the Deer Valley area (figure 5).  Bromfield and Crit-
tenden (1971) show the fold to die out near historic Park City
and the later unpublished mine map shows it to die out in the
Masonic Hill area.  Both interpretations likely reflect the

poor manifestation of the fold in the Park City Formation and
immediately overlying formations farther to the north.
Analysis of bedding orientation in the Park City Formation
to determine the shape of the rock structure, however, vali-
dates the continuation of the fold in a northwest direction.
The fold is very broad or gentle north of historic Park City,
and plunges gently northwest to north-northwest.  A similar
fold geometry is recognized by analyzing bedding in both the
overlying Ankareh Formation and Nugget Sandstone.  The
northwest-plunging fold was recognized by Bryant (1990),
but was not considered to be continuous with the Park City
anticline.  We refer to this northwest branch as the Iron
Mountain anticline (plate 2).
Northwest-plunging folds: A series of steeply inclined to
upright, gentle, northwest- to west-northwest-plunging folds
deform the sedimentary rocks in the footwall of the Mount
Raymond-Medicine Butte thrust north of Park City.  We have
informally named these folds, from east to west, the Round
Valley anticline, the Quarry Mountain syncline, and the Iron
Mountain anticline.

Igneous Intrusions

Tertiary stocks intrude the sedimentary strata along the
southern boundary of the study area.  Intrusion resulted in
localized, and in some cases, distal deformation of the coun-
try rock (Boutwell, 1912).  The four Tertiary stocks that crop
out at the surface include the Alta, Clayton Peak, Flagstaff
(Baker and others, 1966), and a small, unnamed intrusion on
the west slope of Frog Valley (Bromfield and Crittenden,
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1971).  The intrusions are reported to be more extensive in
the subsurface (Boutwell, 1912) where they extend as far
north as the Silver King mine, located west-southwest of
Park City.  Extensive crushing and fracturing of the country
rock adjacent to the intrusions was frequently observed in
mine workings.  Lack of evidence for extensive stoping (see
glossary) suggests that more regional deformation must have
accompanied the intrusion of the stocks.  Boutwell (1912)
speculated that the Frog Valley thrust may have been reacti-
vated during intrusion; however, the majority of the dis-
placement on the fault, particularly north of the Park City
mining district, probably occurred during the Sevier orogeny.

HYDROGEOLOGY OF UNCONSOLIDATED
DEPOSITS

Unconsolidated deposits (plate 2, figure 6), principally
derived from erosion of the surrounding bedrock highlands
by fluvial, glacial, and mass-wasting processes, cover 28 per-
cent of the Snyderville basin.  Composition, grain size, and
sorting of unconsolidated deposits vary with method of dep-
osition and proximity to source areas.  Figure 6 is a map of
major unconsolidated deposits in the Snyderville basin.
These Quaternary deposits have a maximum thickness of
about 275 feet (84 m).  Where saturated and sufficiently per-
meable, the unconsolidated deposits are an aquifer. 

Alluvium is of two ages in the Snyderville basin.  The
younger alluvium underlies the larger perennial streams in
valley bottoms (Bryant, 1990).  In general, the younger allu-
vium along all streams consists of poorly sorted gravel and
cobbles in a matrix of silt, clay, and sand.  Based on drillers'
logs, these deposits probably reach a maximum thickness of
10 feet (3 m). Along East Canyon-Kimball Creek in Parleys
Park, the younger alluvium consists of several types of mate-
rials.  Upstream to the south, the younger alluvium consists
of poorly sorted gravel and cobbles containing some sand
beds and minor silt.  Downstream to the north, the deposits
become finer grained and better sorted, but even at the north-
ern end of the basin they contain a large proportion of gravel.

Older alluvium (Bryant, 1990) exists along the margins
of the lower Silver Creek and East Canyon Creek drainages,
and in the northern Parleys Park area.  These deposits consist
of poorly sorted gravel, silty gravel, and sandy silt.  In some
areas, such as northern Parleys Park, the older alluvium con-
sists of finer grained deposits (sandy silt) generally contain-
ing little gravel.  The  thickness of the older alluvium ranges
from a feather edge along the outer margin of the alluvial
plains to a maximum of 50 feet (15 m) along East Canyon
Creek and 80 feet (24 m) along Silver Creek.  A conservative
estimate of the minimum average thickness of the older allu-
vial deposits that underlie the northern Parleys Park area is
about 25 to 30 feet (7-9 m).

Glacial till is present in some areas at elevations above
7,000 feet (2134 m).  During the Pleistocene, glaciers
advanced and retreated in these areas, depositing till in
ground, end, and lateral moraines along steep canyons and on
some steep mountain slopes.  Till is a poorly sorted, unstrat-
ified, heterogeneous mixture of boulders, cobbles, and grav-
el in a finer matrix of silt, sand, and clay.  The permeability
of silt- and clay-rich till is generally low (Freeze and Cherry,
1979).  Till deposits are present on Ontario Ridge, at the

mouth of Woodside Gulch, at the northwest end of Rossi
Hill, and in the White Pine Lake area (Crittenden and others,
1966; Gill and Lund, 1984).  The deposits range in thickness
from a few feet to 100 feet (30 m) (Boutwell, 1912).

Glacial erosion supplied significant volumes of sediment
to drainages.  Glaciers in the Dutch Draw and Empire
Canyon areas discharged sediment-laden meltwater into
streams that carried outwash materials into the Parleys Park
and Park City areas.  Glacial-outwash deposits formed a rel-
atively flat surface extending down valley.  The advance and
retreat of the glaciers in the mountains over time laid down
successive layers of glacial sediments resulting in a complex
stratigraphy.  Coarse material was deposited closer to the ice
margin, and finer material was carried farther down valley.
The high variability of discharge from glacial sources pro-
duced highly heterogeneous materials.  Outwash and related
alluvial deposits consist of gravel, fine sand, and silt and are
poorly to moderately sorted, but are better sorted and strati-
fied than till.

Other unconsolidated deposits in the Snyderville basin
include talus, colluvium, and alluvial-fan material.  Mass-
wasting processes, producing landslides and rock falls, are
active on many slopes, but the area involved is relatively
small.

Unconsolidated deposits along the major perennial
streams generally contain water at shallow depths.  Gill and
Lund (1984) reported that shallow ground water occurs prin-
cipally in valley-bottom alluvium and colluvium at the base
of slopes, as is evident by the existence of large areas of
marshy or boggy ground.  Recharge to the unconsolidated
deposits is from infiltration of precipitation and irrigation
water, seepage from perennial and ephemeral streams, and
upward crossflow from rock.  Locally, some water-yielding
unconsolidated deposits may be confined or semiconfined,
but water-table conditions prevail in the unconsolidated
aquifer.

Extent 

The rock contact defines the lateral and lower bound-
aries of the unconsolidated deposits.  To define the bound-
aries of the unconsolidated aquifer, we used ground-water
levels from water wells completed in unconsolidated
deposits.  Figure 7 shows the location of unconsolidated
deposits that yield water to wells and springs.  Thin, saturat-
ed deposits outside the boundary shown in figure 7 may pro-
vide small quantities of water to low-flow-rate wells.

Thickness and Stratigraphy

We constructed four cross sections depicting stratigra-
phy in unconsolidated deposits and depth to rock.  Figure 7
shows the locations of the cross sections.  Stratigraphy in the
cross sections is based primarily on water-well drillers’ logs.
It was necessary to project some data from drillers’ logs onto
the cross-section lines. 

Figure 8 (line A-A') is a cross section across Parleys Park
near Snyderville, oriented perpendicular to the axis of the
valley.  Parleys Park is a broad valley near the center of the
basin.  The thickness of the unconsolidated deposits is vari-
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able as is the thickness and persistence of individual strati-
graphic units.  Of particular significance is the total thickness
of the deposits, which is up to 275 feet (85 m).  Depth to rock
in this area exceeds the expected level of Pleistocene down-
cutting as indicated by shallow rock thresholds of both East
Canyon and Silver Creek where they exit the basin, and is
well below the present base level.  The relatively great appar-
ent thickness of unconsolidated deposits in Parleys Park may
indicate a Quaternary-age subsiding structural (fault-bound-
ed) basin or a deeply incised erosion feature inherited from a
Tertiary-age landscape much different from the present.
Alternatively, highly weathered bedrock with seismic veloc-
ities similar to unconsolidated deposits may underlie the area.

Figure 9 (line B-B') is a cross section across Silver Creek

south of Keetley Junction.  The cross section is oblique to the
valley and cuts across the Silver Creek channel twice (see
figure 7).  Valley relief consists of low rolling hills within
which the stream has become incised, forming steep-sided
banks and gully-dissected abandoned flood plains.  Uncon-
solidated deposits at this location consist of predominantly
fine to coarse gravels containing some alternating layers of
sandy clay up to 3 feet (1 m) thick.  The lateral extent of these
sandy clay layers is unknown, but is probably limited.  In
general, individual stratigraphic units could not be correlated
between more than two wells.  Young alluvium in this section
contains coarse sand, silt, and reworked mine tailings.  The
thickness of unconsolidated deposits varies, but is inferred to
be less than 90 feet (27 m).
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Figure 10 (line C-C') is a cross section roughly perpen-
dicular to East Canyon Creek near Pinebrook.  Topographic
relief in the drainage is moderate with only a narrow flood
plain.  The alluvial fan from Twomile Canyon produces mod-
erate slopes west of East Canyon Creek.  Unconsolidated

deposits consist of older interbedded alluvium and alluvial-
fan deposits of coarse gravel to fine gravel and sand.
Younger alluvium deposited by East Canyon Creek consists
of gravel- to silt-size materials.  The thickness of alluvium
varies, but is generally less than 50 feet (15 m).
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Figure 9. Geologic cross section of unconsolidated deposits across Silver Creek south of Keetley Junction.  Location of cross section is shown on
figure 7.  Qoa - alluvium, Qya - young alluvium.

Sandy clay
and silt

Fine to coarse gravel
containing some boulders

Bedrock

Silver
Creek

Coarse sand and silt
S

ei
sm

ic
so

un
di

ng

W
el

l

NE

SW

Qoa

B B'

Qya

Qay

Silver
Creek

S
ei

sm
ic

so
un

di
ng

W
el

l

W
el

l
W

el
l

0 300 m

30

60

Vertical
exaggeration
10x

0 1,000 ft

100

200

Vertical
exaggeration
10x

Coarse gravel, sand,
and some boulders

Bedrock Fine gravel,
sand, and silt

Well Well
Well

S
ei

sm
ic

so
un

di
ng

East
Canyon
Creek

SW
NE

C C'

Qoa
QyaS

ei
sm

ic
so

un
di

ng

S
ei

sm
ic

so
un

di
ng

0 300 m

30

60

Vertical
exaggeration
10x

0 1,000 ft

100

200

Vertical
exaggeration
10x
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Figure 11 (line D-D') is a cross section across northern
Parleys Park north of Silver Creek Junction oriented perpen-
dicular to the broad, gently rolling valley.  Unconsolidated
deposits range in thickness from 0 to 30 feet (0-10 m) and
include younger alluvium, consisting primarily of sand and
gravel, older alluvium containing coarser gravel and boul-
ders, and colluvium on hillsides in volcanic rocks.

To provide information for estimating the volume of
water in the unconsolidated deposits, we produced a map
(figure 12) showing our best estimate of the thickness of
these deposits (see appendix A for details on method of con-
struction).  The bedrock contact at the surface represents a
zero-thickness line, and we chose 40 feet (12 m) as a contour
interval.  The thickness of unconsolidated deposits ranges
from 20 to over 275 feet (9-84+ m).  Of particular signifi-
cance is the thickness of the unconsolidated deposits in the
Parleys Park area.

Interaction with Underlying Saturated Fractured
Rock 

An aquifer test performed for Park City's Park Meadows
and Middle School wells in 1991 (by J.M. Montgomery,
1991) provides important insight into the interaction between
the unconsolidated aquifer and the underlying saturated frac-
tured rock.  Both wells are completed in the Thaynes Forma-
tion in areas where it is overlain by a relatively thick
sequence of alluvium.  Aquifer test results for these wells,
which were both pumped at a discharge rate of about 1,100
gallons per minute (gal/min) (69 L/s) for several days, indi-
cate that shallow monitoring wells completed in alluvium
responded differently than deep monitoring wells.  Whereas

drops in water levels were recorded in all deep wells during
pumping, no response was noted in any of the shallow wells.
The water-level decline in the deep wells suggests that
pumping from fractured rock reduces discharge to the deep-
er unconsolidated deposits (resulting from upward flow of
ground water in the fractured rock) and possibly induces
recharge of the fractured rock from the lower part of the
overlying saturated deposits.  The lack of response in overly-
ing shallow wells suggests that local semiconfined or con-
fined conditions may exist in the unconsolidated deposits in
this area.

Implications for Ground-Water Management

The maps and cross sections (figures 6 through 12) can
be used to determine areas and approximate thicknesses of
unconsolidated materials that are potential aquifers.
Although unconsolidated deposits are less than 90 feet (27
m) thick in most areas, they generally yield some water.
Because these deposits are commonly thin, they do not store
much ground water and therefore cannot yield large quanti-
ties of water to wells.

Aquifer-test results suggest that the saturated unconsoli-
dated deposits may recharge the underlying fractured rock
during continuous pumping from wells completed in rock.
Such an interaction between the unconsolidated and rock
aquifers may be important for high sustained yields to be
attained from wells completed in rock.  Both the Park Mead-
ows and Middle School wells are capable of higher yields
than other wells completed in the Thaynes Formation, such
as wells in the Pinebrook area (see figure 2, Jarvis and Yon-
kee, 1993), and particularly those where thick, saturated
unconsolidated deposits are absent above the rock.
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Figure 12. Schematic map showing the possible thickness of unconsolidated deposits.
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HYDROGEOLOGY OF FRACTURED ROCK

Demand is increasing for ground-water resources in
fractured rock as a result of ongoing growth in the Sny-
derville basin.   Most water-supply wells in rock are com-
pleted in sedimentary rock formations such as the Twin
Creek, Nugget, and Thaynes Formations.  Ground-water
inflows exceeding 100 gal/min (6.3 L/s) are reported in tun-
nels and mine workings penetrating the Thaynes, Park City,
and Weber Formations (Gee, 1994).  Rock types in the Twin
Creek, Thaynes, and Park City Formations are primarily
limestone or dolostone interbedded with shale and sandstone.
The Nugget Sandstone and Weber Quartzite are primarily
sandstone; however, the Weber Quartzite contains limestone
interbeds.  In general, fractured limestone and sandstone
beds yield water to wells and tunnels whereas shale beds
inhibit ground-water flow (Gee, 1994).

Primary Permeability Versus Secondary
Permeability

Sandstones and limestones can have both primary and
secondary permeability.  We refer to the capacity of rock to
transmit fluids through intergranular pore space (effective
primary porosity) as primary permeability and through open-
ings formed after consolidation (such as solution openings
and fractures) as secondary permeability.  Primary perme-
ability in a sandstone is related to the interconnected void
space between grains of sand that make up the rock.  The
amount of void space is a function of grain size, sorting, and
degree of cementation.  In some sandstones, primary perme-
ability can be high enough to obtain significant water yields
from wells (Freeze and Cherry, 1979).  Primary permeability
of sandstones in the Snyderville basin has, to date, not been
studied in any detail.  However, field observations suggest
that some Cretaceous sandstones may have relatively high
primary permeability (see Recommended Future Studies).  In
limestones, primary permeability decreases with the age of
the rock (Freeze and Cherry, 1979).  Typically, the primary
permeability of intact, geologically "old" limestone, such as
that present in the study area, is not significant enough to
contribute to ground-water yields in wells (Freeze and Cher-
ry, 1979).  The hydraulic conductivity of "old" limestone is
typically less than 10-7 feet/second (10-7 m/s).

Secondary permeability in both limestone and sandstone
results from fracturing of the intact rock.  In general, fracture
intensities in these rocks are highly variable across the basin
and may be dependent on proximity to major structures.  In
limestones, solution widening may enhance secondary per-
meability, but our conclusions regarding the extent of such a
process in the study area are only preliminary (see Changes
in Fracture Aperture).

Fracture Types and Characteristics

Ground-water flow along a single fracture is controlled
primarily by the physical characteristics of the fracture, such
as its aperture (width), persistence (length), planarity, rough-
ness, and the presence or absence of minerals or other infill-
ing material in the fracture.  Fracture characteristics are, in
turn, dependent on the origin of the fracture, rock properties,

and the subsequent history of the fracture (reactivation,
hydrothermal activity).  Ground-water flow in fractured rock
is controlled by additional factors such as fracture spacing
(or intensity), attitude (trend and dip of fracture sets), and
fracture connectivity.

Fracture types in the study area include joints, faults,
bedding fractures (joints and faults that are parallel to bed-
ding), and cleavage fractures.  Joints are the predominant
fracture type in the study area; however, faults dominate
locally.  Bedding fractures are prominent in some horizontal-
ly bedded formations.  Cleavage is present in the Twin Creek
Limestone and locally in the Thaynes Formation.

In general, fracture characteristics in a lithologically
homogeneous unit (formation or member) do not vary by
location, suggesting that rock properties dominantly control
mesoscopic fracture characteristics and that local structural
setting and deformational style (contractional versus exten-
sional) are less important controls.  For example, highly pol-
ished faults are the dominant type in the Nugget Sandstone in
both the footwall and hanging wall of the Mount Raymond-
Medicine Butte thrust.  These faults are also ubiquitous
where the Nugget Sandstone crops out along the Wasatch
fault zone west of the study area, suggesting that the struc-
tural setting does not control the fracture characteristics.  For
this reason, mesoscopic fracture characteristics are described
for each lithologically homogeneous unit in tables 2 and 3.
In general, mesoscopic fractures are high angle, suggesting
that the majority of fracturing occurred as a late phase of the
regional deformation and/or many fracture sets were orient-
ed such that later folding or tilting did not re-orient the frac-
tures to low-angle dips.

Joints

Mesoscopic joint characteristics are summarized in table
2.  Photographs showing typical joint characteristics in se-
lected formations are included (appendix D).  Most joints
observed in outcrops range up to 5 meters (16 ft) in length
(persistence) (see discussion in appendix A) and can be clas-
sified as common joints (Eberly, 1985) on the basis of their
lengths.  However, macrojoints (joints exceeding 5 meters
[16 ft] in length) and microjoints (joints measuring only sev-
eral centimeters in length) (Wise, 1964) were observed in
some areas.  Excluding bedding joints, most joints are both
high-angle (dip exceeds 45 degrees) and are at a high angle
to bedding.  Subhorizontal sheeting is most common in the
Keetley Volcanics and Weber Quartzite.  Joints range from
planar to undulating, smooth to rough, and fresh to mineral-
ized (veins).

Faults

Scales of faulting range from microscopic to macroscop-
ic, and faults range from normal to reverse, strike-slip to dip-
slip, and high angle to low angle.  The majority of our obser-
vations are related to mesoscopic faults, however, and their
characteristics are summarized in tables 3 and 4.  Photo-
graphs showing typical mesoscopic fault characteristics in
selected formations are presented (appendix E).  Macroscop-
ic fault characteristics are generally more complex and will
be discussed in a later section of this report.

The wide variety of faults are the result of both local
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contractional and extensional deformation.   Many meso-
scopic faults are subsidiary faults adjacent to major thrust
faults such as the Mount Raymond-Medicine Butte thrust, or
to macroscopic, high-angle faults in the Park City mining
district.  Several prominent, distinct fault types are recog-
nized in the study area as shown in table 4.  In general, fault
surfaces are mineralized, most commonly with calcite,
quartz, or epidote, or stained with oxides and hydroxides of
iron and/or manganese.  Mesoscopic fault surfaces range
from planar to highly curviplanar, and typically exhibit sur-
face asperities (irregularities).  In general, fault surface
roughness, although variable, appears to be proportional to
fault length.
Breccia and gouge zones:Breccia and gouge zones of var-
ious types are associated with more than one-third of all
faults.  Breccia and gouge represent incohesive material that
is formed by fracturing and crushing of wall rock adjacent to
a fault.  Breccia contains more than 30 percent visible frag-
ments of wall rock, whereas gouge is fine-grained material
that contains less than 30 percent visible fragments.  We used
the term breccia-gouge when the percentage of visible frag-
ments was either highly variable or indeterminable.  Some
breccias are partly to wholly relithified or healed, particular-
ly in the Nugget, Park City, and Weber Formations.

The wide variety of breccia and gouge types owe their
origins to differences in wall-rock types along faults.  Vari-
ably thick, clay-bearing gouge or breccia is most common in
the Twin Creek Limestone, but is also associated with some
faults that offset limestone beds in the Thaynes Formation.
Clay zones range from thin smears to over a meter (3 ft) in
width.  Non-clay-bearing breccia zones are typically wider
than non-clay gouge zones and both are common in the Keet-
ley Volcanics and Nugget Sandstone.

The permeability of breccia-gouge zones likely varies
over a wide range.  Breccia zones in sandstones may be high-
ly permeable, particularly where the majority of the breccia
is relatively coarse grained.  Clay- and non-clay gouge like-
ly have low permeability or are relatively impermeable
dependent mostly on grain-size distribution (Morrow and
others, 1984).  Clay gouge zones likely have permeabilities
ranging between 10-19 and 10-21 m2 (10-18 and 10-20 ft2)
(Morrow and others, 1984).  Finely pulverized, non-clay
gouge may have similar to slightly higher permeability (Mor-
row and others, 1984; Jarvis, T., Weston Engineering, Inc.,
personal communication, 1996).
Subsidiary fault zones: Zones consisting of numerous
closely or very closely spaced, interconnected faults are
common adjacent to major faults.  The subsidiary fault zones
range up to several meters in width in the Preuss Sandstone
and Nugget Sandstone, but are more typically less than 0.5
meter (1.6 ft) in width.  Because of the enhanced connectiv-
ity of such fault zones, they would likely be relatively trans-
missive.

Bedding Fractures
Bedding fractures (figure 13) are common in most out-

crops of sedimentary rock, and are prominent in layered
rocks such as the Preuss, Twin Creek, Ankareh, Thaynes,
Woodside, and Park City Formations.  In these rocks, bed-
ding fractures may be important in transmitting ground water
parallel to bedding (Lachmar, 1993).  Bedding fractures are
common only near the top-of-rock in the Nugget Sandstone,

and are rare to absent in the Keetley Volcanics and the Weber
Quartzite.  Outcrops are insufficient to assess the frequency
of bedding fractures in Cretaceous formations.  Fracture-
spacing data suggest that the average bedding-fracture spac-
ing in the Nugget Sandstone is slightly greater than in either
the Twin Creek Limestone or Preuss Sandstone.
Bedding joints: Bedding joints are, in most cases, likely the
result of unloading, and are best developed where bedding is
roughly parallel to topography.  Some evidence suggests that
bedding-joint frequency decreases with depth.  Differentia-
tion between bedding joints and faults is essential prior to
evaluating bedding-fracture spacing.  Most bedding joints
likely developed as lateral and vertical loads were removed
during erosion.  If bedding joints are mostly related to un-
loading then conceivably their average frequency may
decrease (average spacing increase) with depth.  However,
because bedding faults are the result of tectonic processes
(thrusting, flexural slip) their frequency is unrelated to depth.

We evaluated the relationship of bedding-joint spacing
with depth in the Twin Creek and Nugget Formations at two
separate sites.  Factors not related to unloading may influ-
ence bedding-joint spacing near the top-of-rock, including
variable bed thickness and rock types and the proximity to
faults.  The inclusion of random bedding faults in a sample
also poses a problem.  To reduce the influence of these fac-
tors we plotted average bedding-joint spacing.  The average
spacing appears to increase with depth in the Twin Creek
Limestone (table 5 and figure 14).  The correlation co-effi-
cient for the simple linear regression shown in figure 14
approaches 0.9 and supports an assumption that a linear trend
may exist between depth and spacing (Mendenhall and Sin-
cich, 1992).  However, extrapolating this trend to depths typ-
ical of water wells should be used with caution.  Using the
regression, we estimate the average bedding-joint spacing to
be approximately 12 m (40 feet) at a depth of 650 feet (200
m).  Although this may be a reasonable value, other factors
as described above contribute to the spacing of bedding
joints.

Average bedding-joint spacing in the Nugget Sandstone
also appears to increase with depth (figure 15 and table 6).
The spacing values are much more scattered than for the
Twin Creek Limestone, and the simple linear regression has
a low correlation coefficient.  Most bedding joints in the
Nugget Sandstone are likely a result of unloading, and thus it
is reasonable to assume that bedding-joint spacing would
increase with depth, except near faults.  Bedding faults
appear to be rare in the Nugget Sandstone.
Bedding faults: Bedding faults are present in most layered
formations in the study area, but are notably prominent in the
Twin Creek Limestone.  Excluding their occurrence in the
Twin Creek, bedding faults become more numerous to the
south in the Park City mining district.  Most bedding faults
likely developed during thrusting or during flexural folding.
Bedding faults are common in shale beds and, to a lesser
degree, in limestone beds.  Thin to thick clay gouge zones are
commonly associated with bedding faults in limestone.
Highly polished shale smears are typically associated with
bedding faults in shale-rich units such as the Preuss Sand-
stone and the Mahogany Member of the Ankareh Formation.

Cleavage Fractures
Disjunctive, stylolitic cleavage (figure 16) is present in
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Table 4.
Summary of distinct fault types.

Fault Type Formation

Type 1: highly polished, tight, striated Nugget Ss., Ankareh Fm. (Gartra Grit Mbr.), Weber Qtz.
Type 2: highly polished shale smears Preuss Ss., Ankareh Fm. (Mahogany Mbr.), Woodside Shale
Type 3: clay gouge zones Twin Creek Ls., Thaynes Fm.
Type 4: non-clay breccia-gouge zones Keetley Vol., Nugget Ss., Park City Fm., Weber Qtz.
Type 5: partially or wholly healed breccias Nugget Ss., Park City Fm., Weber Qtz.
Type 6: mineralized Keetley Vol., Twin Creek Ls.,Thaynes Fm., Park City Fm., Weber Qtz.

Table 6.

Simple linear regression of average bedding-joint spacing versus 
distance to top-of-rock in Nugget Sandstone.

Table 5.

Simple linear regression of average bedding-joint spacing versus 
distance to top-of-rock in the Twin Creek Limestone.

Bedding-Joint Data

Average Spacing Distance to top-of-rock
cm cm

6.6 50
9.8 100

11.2 135
16.6 160
12.2 185
15.8 210

Bedding-Joint Data

Average Spacing Distance to top-of-rock
cm cm

29 46
23 112
27 178
31 246
27 312
36 356

Regression Information

Standard Error of Y Estimate 2.154
Coeff. of Determination (r2) 0.77
Coeff. of Correlation  (r) 0.88
Number of Field Observations 30
Number of Average Values Input 6

Regression Output

Standard Error of Y Estimate                   3.97
Coeff. of Determination (r2)                    0.35
Coeff. of Correlation (r)                          0.59
Number of Field Observations                 19
Number of Average Values Input 6
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Figure 13.  Bedding fractures.  (a) Bedding joints and faults in the Twin Creek Limestone exhibiting medium persistence.  Note that bedding-fracture
spacing increases from top to bottom of the exposture.  Also note very low to low persistence high-angle-to-bedding joints cut only single beds.  Expo-
sure located in foundation excavation in SE1/4 section 9, T. 1 S., R. 3 E.  (b) Bedding joints in the Nugget Sandstone.  Exposure located in abandoned
quarry in NE1/4NE1/4 section 6, T. 2 S., R. 4 E.
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Figure 14. Average bedding-joint spacing in the Twin
Creek Limestone.  Plot shows that the spacing of bedding
joints, inferred to be mostly the results of unloading,
increases with depth.  Data collected from exposure in
figure 13A.
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Figure 15. Average bedding-joint spacing in the
Nugget Sandstone.  Plot shows that although average
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creases with depth.  Low correlation coefficient im-
plies that other factors, such as variable bed thickness
and rock composition, influence fracture spacing at
this site.  Data collected in abandoned quarry in NE1/4
section 11, T. 1 S., R. 3 E.
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the Rich and Leed Creek Members of the Twin Creek Lime-
stone (Yonkee and others, 1992; Jarvis and Yonkee, 1993)
and locally in the Thaynes Formation.  The stylolitic cleav-
age is generally a continuous but highly irregular surface that
has a distinct toothlike geometry in cross section.  Very thin
clay-rich, dissolution residual seams have been described
along many stylolitic cleavage surfaces (Twiss and Moores,
1992).  Cleavage ranges from closely to widely spaced in the
Twin Creek.  Fractures along the cleavage have been report-
ed by Jarvis and Yonkee (1993) and observed at the top-of-
rock as part of this study, but may not be present in the sub-
surface.   Except where these surfaces are open as a result of
subsequent extension (such as the "sprung" stylolites of
Huntoon, 1993) or unloading (near the ground surface),
cleavage planes are likely secondary to other fractures with
respect to their ability to transmit ground water.

Fracture Characteristics in Subsurface Exposures

Although descriptions of underground fracture charac-
teristics are scarce in the literature and on available maps,
observations made during our visit to the Spiro Tunnel sug-
gest that fracture characteristics at depth are similar to those
at the surface.  We observed numerous fractures in the
Thaynes, Woodside, Park City, and Weber Formations at var-
ious locations along an approximately 13,500-foot-long
(4,115 m) section of the Spiro Tunnel.   In general, faults are
the most persistent fracture type.  In contrast, joints typically
are relatively tight, and in thinly bedded formations (such as
the Woodside Shale) cut only single competent beds.  Bed-
ding fractures appeared to be less common in the tunnel than
in typical surface exposures, and are generally tight.
Curviplanar surfaces and surface asperities are more typical
of faults than joints, which tend to be mostly planar.  Fracture
intensity is highly variable within each of the four formations
exposed in the tunnel.  Fractures are rare or absent in some
beds, whereas in others fractures are common and very close-
ly spaced.  In the lower part of the Woodside Shale, fractures
are least common where gypsum seams and lenses are pres-

ent, but ductile folds are prominent.  Intensely sheared and
fractured zones are almost always associated with faults.

Joints in Shales Versus Limestones and Sandstones

Based on observations at outcrops and in the Spiro Tun-
nel, some comparisons of overall joint characteristics can be
made between shales and limestones and sandstones (includ-
ing the Weber Quartzite).  Such a comparison is partly the
basis for the proposed hydrostratigraphy presented in the fol-
lowing section.  Our ability to assess joint characteristics of
shale units in outcrops was impeded by the paucity of out-
crops or cuts in shale-dominated units.  The entire sequence
of the Woodside Shale was exposed in the Spiro Tunnel;
however, other shale units, such as the mid-red shale of the
Thaynes or shale sequences in the Preuss, Twin Creek, and
Ankareh Formations, are poorly exposed and are not repre-
sented in the fracture data in tables 2 and 3.

In general, shales occur in horizontally bedded
sequences in the Preuss, Twin Creek (Boundary Ridge and
Gypsum Spring Members), Ankareh (upper and Mahogany
members), Thaynes (mid-red shale member), Woodside, and
Park City (middle phosphatic member) Formations.  Joints in
these rocks consist of bedding joints (dominantly near the
ground surface) of medium or higher persistence and high-
angle-to-bedding joints that have low to very low persistence
normal to bedding (figure 17).  Joints in shales commonly
have thin clay infilling.  In gypsiferous, ductile shale beds
(lower part of Woodside Shale, Gypsum Spring Member, and
possibly parts of Preuss Sandstone), joints may be absent or
extremely rare.

We infer from these observations that parts of the shale-
rich units may act as confining beds and be moderately to
very impermeable.  Whereas ground water may flow along
persistent bedding joints, flow normal to bedding may be
inhibited by the low joint persistence normal to beds, thus
indicating a distinct anisotropy.  Ductile, gypsiferous, joint-
poor beds may have hydraulic conductivities approaching
those of intact shale, as measured normal to bedding, and

Figure 16. Stylolitic cleavage in the Twin Creek Limestone.  Note the characteristically irregular trace of the cleavage.  View is to the north.  Out-
crop located in NW1/4SW1/4 section 28, T. 1 S., R. 4 E.
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ranging between 10-12 and 10-10 feet/second (10-12 and 10-10

m/sec) (Freeze and Cherry, 1979).  To place such a hydraulic
conductivity in perspective, using a steep hydraulic gradient
of 0.5 and a hydraulic conductivity of 10-11, about 20,000
years would be required for ground water to flow through a
3-foot (1 m) thick gypsiferous shale bed.

In contrast, joints in limestones and sandstones are gen-
erally more through-going (figure 18).  However, the persist-
ence of high-angle-to-bedding joints commonly varies with
bed thickness, particularly in limestone members in the Twin
Creek Limestone.  High-angle, persistent joints are common
in the Nugget, Thaynes, Park City, and Weber Formations.
These fractures likely transmit ground water across the strati-
graphic sequence between shale confining beds.

Hydrostratigraphy

On the basis of these joint characteristics, we have estab-
lished a preliminary concept of the hydrostratigraphy of the
layered rock units in the study area (figure 19).  We propose
that stratigraphic ground-water compartments (SGWCs)
consisting of fractured limestone and sandstone are separat-
ed by confining beds of dominantly shale which may have
local hydraulic conductivities normal to bedding approach-
ing those of intact rock.  We refer to this separation of the
generally permeable fractured-rock units by low permeabili-
ty confining beds as stratigraphic compartmentalization.  In
the following section we present additional data that support
this concept.

We recognize several important confining beds or units
that likely inhibit ground-water flow normal to bedding.
These include the phosphatic shale bed in the middle part of
the Park City Formation, the lowermost Woodside Shale, the
lower part of the Mahogany Member of the Ankareh Forma-
tion, the upper member of the Ankareh Formation, the Gyp-
sum Spring Member of the Twin Creek Limestone, the
Boundary Ridge Member of the Twin Creek Limestone, and

shale beds in the Preuss Sandstone.
The intervening limestone and sandstone beds are

SGWCs.  These SGWCs may be part of one or more forma-
tions.  For instance, the stratigraphically lowest SGWC in the
study area consists of the Weber Quartzite and lower part of
the Park City Formation beneath the phosphatic shale con-
fining bed, whereas another SGWC is solely intraformation-
al, consisting of the intervening limestone members of the
Twin Creek Limestone (Sliderock and Rich) between the
Boundary Ridge and Gypsum Spring confining beds.

Evidence for Stratigraphic Compartmentalization

Evidence that supports local stratigraphic compartmen-
talization as described above includes inflow data from the
Spiro Tunnel and aquifer-test data for the Middle School and
Park Meadows wells (J. M. Montgomery, 1991) and Summit
Park No. 7 well (Weston Engineering, Inc., 1996a).  Other
researchers have recognized stratigraphic compartmentaliza-
tion in fractured sedimentary rocks elsewhere in the Rocky
Mountain area (Stone, 1967; Bruce, 1988; Huntoon, 1993;
Al-Raisi and others, 1996).  Stone (1967) observed that Tri-
assic-Jurassic shales, evaporites, and siltstones in the Big
Horn Basin serve as a regional confining layer even where
sharply folded, thus isolating ground-water circulation in
underlying limestones and sandstones from rocks above.
Bruce (1988) described evidence that the Gypsum Spring
Member acts as an effective confining bed even where over-
lying members of the Twin Creek Limestone are fractured.

Historical Ground-Water Conditions in Mine
Workings

Historical accounts from mine workings suggest strati-
graphic control on ground-water flow and illustrate the
inability of ground water to flow through shale units.   Both
examples below illustrate that the basal Woodside Shale acts
as a regional confining bed.

Figure 17. Very low-persistence high-angle-to-bedding joints in the Preuss Sandstone.  Photograph shows that most high-angle-to-bedding joints
(HATBJ) cut only single beds.  Note that persistence of north-dipping, low-angle bedding fractures is much higher.  View is to the southwest.  Eras-
er pencil in foreground (arrow) shown for scale.  Exposure in foundation excavation in SE1/4 section 2, T. 1 S., R. 3 E.

Bedding

HATBJ
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Figure 18.  Persistent joints in sandstone and quartzite beds.  (a) Highly persistent joint in Nugget Sandstone exhibiting plumose structure (see glos-
sary).  View is to the north.  Hammer shown for scale.  Outcrop is located in SW1/4 section 24, T. 1 S., R. 3 E.  (b) High-angle, planar joints in Weber
Quartzite.  Outcrop is located in NE1/4NE1/4 section 21, T. 2 S., R. 4 E.

a

b
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Bogan Shaft: Boutwell (1912) reported excessive water
inflows during excavation of the Bogan Shaft (Silver King
Consolidated; NW1/4 section 20, T. 2 S., R. 4 E.) through the
Woodside Shale, whereas mine workings beneath the Wood-
side Shale in the Silver King mine were relatively dry
(Boutwell, 1912; K. Gee, United Park City Mines Co., ver-
bal communication, 1995).   An examination of mining his-
tory in the central part of the Park City mining district reveals
the importance of the basal part of the Woodside Shale as a
regional confining bed.

Early in the history of the mining district, water inflows
had hampered attempts to mine ore in the Weber Quartzite.
At the Ontario Mine (figure 20) considerable efforts to de-
water mine workings had been undertaken by the late 1880s.
In 1888, the Ontario No. 2 drain tunnel was begun at the
1500-foot level (457 m) (depth) in the mine.    Mining at the
Silver King Mine, located to the northwest and upgradient of
the Ontario mine workings, began in 1894 shortly after com-
pletion of dewatering efforts in the Ontario Mine.  The Silver
King Mine eventually penetrated the entire Park City Forma-
tion and the upper part of the Weber Quartzite.  Dry condi-
tions were encountered in the mine, and water actually had to
be imported for use during mining.  We interpret the dry con-
ditions in the Silver King Mine to be the result of dewatering
of the Weber SGWC by the Ontario No. 2 drain tunnel.

In 1903, excavation of the Bogan Shaft began slightly
west-northwest of the crest of the ridgeline above the Silver
King Mine.  The shaft was collared in the basal Thaynes For-

mation, but penetrated only 38 feet of this unit before
encountering the top of the Woodside Shale.  Given that the
Woodside Shale was known to be barren of ore (Boutwell,
1912), the location of this shaft is enigmatic, but excessive
water inflows into the excavation indicate the effectiveness
of the basal part of the Woodside Shale as a confining bed.
The inability of the miners to cope with the water inflows as
they attempted to deepen the shaft eventually caused them to
abandon the mine without ever fully penetrating the Wood-
side Shale.  Based on this and similar accounts, Boutwell
(1912) described the formation’s ability to “retain” water.
We interpret the excessive water inflows in the Bogan Shaft
as indicating that the gypsifersous and fracture-poor basal
part of the Woodside Shale inhibited the downward flow of
water into the underlying formations, which had been effec-
tively dewatered as much as nine years earlier.
Spiro Tunnel: The Spiro Tunnel (plate 1) was completed in
1916 to drain mine workings in the western part of the Park
City mining district.   Table 7 shows that several of the major
inflows reported while advancing the tunnel were at geo-
logic contacts.  Significant inflows occurred near the
Thaynes/Woodside contact; in the uppermost lower third of
the Woodside above the basal, gypsiferous bed; in the lower
Park City Formation; and near the upper contact of the
Weber.   Water accumulation at the first two contacts was
likely caused by the inability of ground water to flow down-
ward through low-permeability shale beds.

Figure 19.  Proposed hydrostratigraphy for the study area.  Stratigraphic ground-water compartments consisting of fractured limestone and sand-
stone beds are separated by fracture-poor shale beds. Hydraulic conductivity of fracture-poor shale beds as measured perpendicular to bedding may
approach that of intact shale.
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Middle School and Park Meadows Wells Aquifer-Test
Results

Aquifer-test results (J.M. Montgomery, 1991) for the
Middle School (SW1/4SW1/4 section 3, T. 2 S., R. 4 E.) and
Park Meadows (NE1/4NE1/4 section 8, T. 2 S., R. 4 E.) wells
indicate the lack of interaction between separate SGWCs iso-
lated by confining beds.  During the test both wells were
pumped at high flow rates (1,100 gal/min [0.07 m3/sec]).
The Middle School well was pumped continuously for six
days and both wells pumped simultaneously for an addition-
al 24 hours.  Four wells (Middle School, Park Meadows,
Osguthorpe, and Mountain Top), all completed in fractured
rock, were monitored during the test.  The Middle School
and Park Meadows wells are completed in the lower and
upper parts of the Thaynes Formation, respectively, and are
separated by a shale unit (possibly the mid-red shale) (figure
21).  The Mountain Top well (NE1/4SE1/4 section 5, T. 2 S.,
R. 4 E.) is likely completed in the middle third of the
Mahogany Member of the Ankareh Formation which direct-
ly overlies the upper part of the Thaynes Formation.  The
Mountain Top well is separated from the upper Thaynes
SGWC by shale beds in the lower Mahogany Member and
may be completed, at least in part, in the confining unit.  The
Osguthorpe well is likely completed in either the lowermost
Thaynes Formation or uppermost Woodside Shale, and is

thus in the lower Thaynes SGWC.  Dority Spring, which is
likely discharging from the upper Thaynes SGWC, was also
monitored.  Pumping from the Middle School well did not
affect water levels in any of the wells except the Osguthorpe
well, which is likely in the same SGWC.  In addition, pump-
ing from the Park Meadows well did not affect water levels
in any of the other wells, but did significantly affect the flow
rate at Dority Spring, which is in the same SGWC, to the
point where no flow emanated from the spring.

The lack of hydraulic communication among
wells/springs separated by confining beds indicates that
ground water does not readily flow across shale beds.  This
appears to be true even where a set of joints normal to bed-
ding is observed.  Our fracture mapping in the area of the
aquifer test indicates that the three prominent fracture sets
include a northeast-striking set of high-angle faults and
joints, east-northeast-striking north-dipping bedding frac-
tures,  and a north-northwest-striking (normal to bedding) set
of high-angle joints.   Whereas the latter set is a potential
conduit for ground-water flow normal to bedding, these
joints likely terminate at shale partings or ductile, fracture-
poor shale beds and are likely tight or clay-infilled.

The aquifer-test results demonstrate the effectiveness of
the confining beds to prevent short-term hydraulic communi-
cation between wells in separate SGWCs during continuous,
high-flow-rate pumping.  At present, the Middle School and

Historical Accounts of Dewatering Efforts
and Ground-Water Inflows

    1888-94: Construction of the Ontario Drain Tunnel No. 2 culminated
attempts to dewater the Weber SGWC in the vicinity of the Ontario
Mine.  The Weber SGWC includes the lower part of Park City
Formation.
    1894: Silver King Mine began excavation.  A shaft was eventually
excavated to 1,300 feet (396 m), penetrating the Weber SGWC.
Boutwell (1912) describes the mine as "dry," and water was imported
for use in the mine.   Dry condition indicates the Ontario Drain Tunnel
No. 2, in combination with dewatering efforts at other nearby mine
workings and tunnels, had effectively dewatered the Weber SGWC.
    1903:  Construction began on Bogan Shaft nine years after
completion of Ontario Drain Tunnel No. 2.  The shaft penetrated the
lowermost Thaynes Formation and 800 feet (244 m) of the Woodside
Shale.  Water inflows plagued excavation attempts and the mine was
eventually abandoned.  Below the bottom of the shaft is the relatively
unfractured, basal gypsiferous layer of the Woodside Shale which
likely has very low permeability and inhibits the downward flow of
ground water into underlying compartments.  Water inflows continue
today above the gypsiferous basal layer in the Spiro Tunnel located to
the west of the Bogan Shaft.
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Figure 20. Schematic geologic cross section across the central Park City mining district showing sequential dewatering and ground-water inflow
history.

Table 7.
Summary of major ground-water inflows during excavation of the Spiro Tunnel, 1916.

Distance from portal Formation/Contact Seasonal Discharge
(feet) (gallons/minute)

2,765 Thaynes/Woodside contact 58-198
6,600 Lower Woodside Shale 718-1,105
12,500 Lower Park City Formation 853-2,065
12,700 near Park City/Weber contact 3,188-4,040
14,246 Weber Quartzite 4,490-6,375
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Park Meadows wells are two of the most productive water-
supply wells in the study area and capable of sustaining high
flow rates with reasonable drawdown (safe yield).  Most
wells currently pump at much lower flow rates.  Thus, where
two low-flow-rate wells are separated by similar confining
beds, little or no hydraulic communication is likely between
the wells during continuous pumping.

The hydraulic communication between the Park Mead-
ows well and Dority Spring and between the Middle School
and Osguthorpe wells, respectively, suggests the existence of
fracture networks consisting of interconnected bedding frac-
tures and high-angle fractures in the upper and lower
Thaynes SGWCs.  Thus, we predict that future wells com-
pleted nearby in either SGWC may interfere with existing
wells/springs in the same compartment, and the extent of the
interference will be a function of well pumping rates and dis-
tance.

Summit Park Wells Numbers 7 and 8 Aquifer-Test
Results

Recent aquifer-test results (Weston Engineering, Inc.,
1996a) from newly completed Summit Park wells numbers 7
and 8 (figure 22) confirm that, at least locally, the Gypsum
Spring Member of the Twin Creek Limestone acts as a con-
fining bed.  Well number 7 penetrated the lower part of the
Twin Creek Limestone and upper part of the Nugget Sand-
stone (figure 23).  Limestone beds in the lower Twin Creek
Limestone are separated from sandstone in the Nugget Sand-
stone by mudstone and possibly gypsiferous mudstone beds
in the Gypsum Spring Member.  As drilling proceeded,
ground water was initially encountered in the Twin Creek
Limestone approximately 130 feet (40 m) below the ground
surface.  After completion of the well, following penetration
of the Gypsum Spring Member and upper Nugget Sandstone,
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the static water level in the well rose to approximately 27 feet
(8 m) below the ground surface.  These observations indicate
that ground water in the Nugget Sandstone is confined
beneath the mudstones of the Gypsum Spring Member and
that there is a head difference of approximately 100 feet (30
m) between the Lower Twin Creek SCWC and the Nugget
SGWC.  Data from a nearby observation well (number 4)
completed in the Lower Twin Creek SGWC suggest that dur-
ing a five-day constant-rate pumping aquifer test there was
no hydraulic communication between wells completed in the
Lower Twin Creek and Nugget SGWCs.

Following testing of well number 7, well number 8 was
completed in the Lower Twin Creek SGWC above the Gyp-
sum Spring Member.  Data collected during a five-day con-
stant-rate pumping aquifer test from well number 7 con-
firmed a lack of hydraulic communication between the Low-
er Twin Creek and Nugget SGWCs.  Water-level data from
well number 4 show an increasing rate of decline during the
latter part of the aquifer test and suggest possible hydraulic
communication between the two wells (numbers 4 and 8)
completed in the Lower Twin Creek SGWC.

The local structural setting of wells numbers 7 and 8
(figure 22) confirms observations by Stone (1967) and Bruce
(1988) that shale beds act as confining beds even where fold-
ed and overlying units are fractured.  The well location was
selected along the crest of a plunging anticline (Summit anti-
cline) (Jarvis and Yonkee, 1993) because of the likelihood of
through-going high-angle extensional fractures in such a
structural setting (Huntoon, 1993).  Water-yielding zones
above and below mudstone beds in the Gypsum Spring
Member appear to confirm the presence of such fractures.
Nevertheless, the integrity of the Gypsum Spring Member as
a confining bed appears to be preserved in this structural set-
ting.  Bruce (1988) indicated that the integrity of the Gypsum
Spring Member as a regional confining bed may be locally
broken as a result of the unit acting as a detachment during
thrusting.  This may imply that in some areas, such as west
of Kimball Junction where lower Twin Creek Limestone
underlies the Mount Raymond-Medicine Butte thrust, the
member may not act as an effective confining bed.

Role of Macroscopic Faults in Regional
Ground-Water Flow

Macroscopic faults, such as the Mount Raymond-Medi-
cine Butte thrust, Toll Canyon fault, and Crescent fault, like-
ly act in a complex manner as ground-water conduit-barrier
systems (see Caine and others, 1993) (figure 24).  Such fault
zones likely have high permeability parallel to the fault,
especially where brittle rock types comprise the wall rock,
and low permeability perpendicular to the fault.  These faults
also sever (figure 25) the SGWCs described above, further
segmenting the fractured-rock units (see Stacy, 1994).

Macroscopic Fault Zones as Ground-Water Conduit-
Barrier Systems

Macroscopic faults are generally composite zones of
deformation that may consist of one or more of the follow-
ing:

1.  irregular, branching, and anastomosing planes of
discrete shear (Wallace and Morris, 1986);
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2.  zone(s) of subsidiary fracturing in adjacent wall
rock;

3.  breccia or gouge zone(s) of variable composition
and grain size, the width of which may be pro-
portional to the total displacement (Engelder,
1974; Robertson, 1982; Wallace and Morris,
1986); 

4.  zones of ductile deformation (folding); and
5.  mineralization.

The type of deformation in the surrounding wall rock is
largely a function of rock type, thus hydraulic properties of
the macroscopic fault zone will vary along strike and
downdip.  Where two different rock types are juxtaposed by

faulting, hydraulic properties will vary across the fault zone.
Subsidiary fracture zones are common in the Nugget,
Thaynes, and Weber Formations and are likely wherever brit-
tle rock types (sandstone and limestone) form the wall rock.
As discussed previously, these fractures likely form ground-
water conduits parallel to the fault.  Breccia or gouge zones
are likely in most macroscopic fault zones regardless of rock
type, but may be locally absent.  Clay gouge zones are com-
mon wherever limestone or shale forms the wall rock and
such zones likely act as barriers to ground-water flow.  Three
macroscopic fault zones (Toll Canyon, Ecker Hill, and Sny-
derville) are exposed in roadcuts that enable these composite
zones to be described in detail.  In all three examples, a low-
permeability core separates permeability-enhanced wall rock
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Figure 24. Permeability structures associated with macroscopic fault
zones.  Caine and others (1993) recognized that macroscopic faults act
as complex barrier-conduit systems and identified four end-member
permeability structures.  Faults consisting of only discrete shear
planes (lower left) likely only nominally enhance rock permeability.
Fault zones with interconnected subsidiary fracture zones or damage
zones (upper left) likely enhance permeability and act as fault-parallel
ground-water conduits.  Fault zones with a high percentage of fine-
grained gouge or mineralization (lower right) likely act as low-perme-
ability boundaries and inhibit the flow of ground water perpendicular
to the zone.  The upper right illustration shows a composite case where
faulting generates low-permeability fault gouge or subsequent miner-
alization forms a low-permeability zone, but a subsidiary fracture zone
also exists adjacent to the fault, enhancing wall-rock permeability.
Formations in which these permeability structures are common are
listed.  Diagram is modified from Caine and others (1993).

Figure 25. Severing of a stratigraphic layer by a fault.  (a) Photograph of shale (dark) and limestone layers cut by a fault.  (b) Sketch of photograph
shown in (a).  Layer 1 is nearly completely severed by the fault.  Severing of the layer inhibits the continuous flow of ground water along bedding
fractures in the lower part of the layer.
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from wall rock where permeability is negligibly enhanced or
reduced.
Toll Canyon fault zone: In the SW1/4 section 11, T. 1 S., R.
3 E., the Toll Canyon fault zone is partly exposed in a road-
cut.  Intensely sheared and fractured Nugget Sandstone (fig-
ure 26) on the southeast is juxtaposed against the Mahogany
Member of the Ankareh Formation on the northwest.  The
numerous, tight, interconnected fractures in the sheared
Nugget wall rock form a subsidiary fracture zone that may
act as a fault-parallel ground-water conduit on the southeast
side of the fault (left side in figure 26).  Although not
exposed, the fault zone likely has a zone of relatively imper-
meable sheared shale (shale smear) or clay gouge derived
from the Mahogany Member.  Wall-rock deformation in the
Mahogany Member possibly resulted in ductile deformation
(see folds described adjacent to the Ecker Hill strand in the
following section) and some fracturing.  Fractures are likely
tight, terminate against thin, ductile shale layers, are clay in-
filled, or have shale smears (faults), and thus have low per-
meabilities.  Fault-zone characteristics likely reverse sides
farther southwest where the fault juxtaposes the Nugget
Sandstone on the northwest against the Twin Creek Lime-
stone on the southeast.
Ecker Hill fault-strand zone: In the NE1/4 section 14, T. 1
S., R. 3 E., a probable strand of the Toll Canyon fault that we
refer to as the Ecker Hill strand juxtaposes the Thaynes For-
mation on the northeast against the Mahogany Member on
the southwest.  Deformation in the Mahogany Member
includes mesoscopic folding (figure 27) and fracturing.
Mesoscopic faults typically have thin, highly polished shale
smears.  Tight, high-angle-to-bedding joints have very low
persistence because they terminate against thin ductile shale
layers in the Mahogany Member.  Both fracture types in the
Mahogany Member likely have low permeabilities.  In con-
trast, fracture persistence is much higher in the Thaynes For-
mation.  Persistent bedding fractures are prevalent near the

fault, but generally become less frequent with increasing dis-
tance from the fault zone.  Fractures in the Thaynes likely act
as ground-water conduits parallel to the fault.  The two for-
mations are separated by a clay gouge zone (figure 28a)
derived from the Thaynes Formation and a shale smear
derived from the Mahogany Member (figure 28b) that likely
have very low permeability.
Snyderville backthrust: In the NW1/4SE1/4 section 36, T. 1
S., R. 3 E., a roadcut exposes a southeast-dipping fault that
was interpreted as the Mount Raymond-Medicine Butte
thrust by Crittenden and others (1966), but has been reinter-
preted as a backthrust (B. McBride, verbal communication,
1996).  We refer to this fault as the Snyderville backthrust.
The fault juxtaposes Nugget Sandstone on the southeast
against the lower part of the Twin Creek Limestone on the
northwest.  Intensely sheared, fractured, and altered Nugget
wall rock (figure 29) likely enhances permeability and acts as
a ground-water conduit parallel to the fault.  Although the
Twin Creek Limestone is fractured adjacent to the fault, frac-
ture intensity is an order of magnitude less than in the Nugget
Sandstone.  Low-permeability calcite-infilled veins are com-
mon.  A zone of sheared shale separates the Nugget Sand-
stone from the limestone in the Twin Creek and likely acts as
a boundary to ground-water flow normal to the fault.

Severing of Stratigraphic Ground-Water Compart-
ments

Macroscopic faults sever the SGWCs described in previ-
ous sections of the report, subdividing these into discrete
ground-water compartments (GWCs) (see Stacy, 1994).
Severing of stratigraphy is recognized in compartmentaliza-
tion of hydrocarbon accumulations (Bergosh and others,
1982; Al-Raisi and others, 1996) and  ground-water aquifers
(Huntoon, 1993; Stacy, 1994).  Recent research (Gee, 1994;
Weston Engineering, Inc., 1996a) suggests that many GWCs
in the study area are bounded by macroscopic faults.
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Figure 26. Subsidiary fault zone in the Nugget Sandstone adjacent to the Toll Canyon fault.  Interconnected subsidiary faults likely act as a ground-
water conduit parallel to the fault (located to right of photograph).  View is to the southwest.  Hammer is shown for scale.  Outcrop is located in
SW1/4 section 11, T. 1 S., R. 3 E.
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Figure 27. Ductile folding in the Mahogany Member of the Ankareh Formation adjacent to the Ecker Hill fault strand.  Isoclinal fold in footwall of
thrust and lack of persistent fractures indicate that ductile deformation dominated in this member during thrusting.  View is to the east.  Hammer is
shown for scale.  Outcrop is located in NE1/4 section 14, T. 1 S., R. 3 E.

Figure 28. Low-permeability clay-gouge zone and shale smear.  (a) Clay-gouge zone is derived from Thaynes wall rock in hanging wall (left side)
of fault zone.  Part of hammer shown for scale.  (b) Shale (clay) smear derived from Mahogany Member of Ankareh Formation in footwall (right
side) of fault zone.  Field book shown for scale.  Clay gouge zone and shale smear form low-permeability core of fault zone.  Views are to the east.
Outcrop is located in NE1/4 section 14, T. 1 S., R. 3 E.
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Ground-Water Inflow and Dewatering Problems
Associated with Excavation of the Anchor Shaft as

Evidence for Ground-Water Compartments

The existence of ground-water compartments in the
study area can be inferred from historical accounts of the
excavation of the Anchor Shaft (Boutwell, 1912) in combi-
nation with subsurface geologic information (Gee, 1994).
The Anchor Shaft is in the upper part of Empire Canyon
(SW1/4 section 29, T. 2 S., R. 4 E.).  The shaft is northwest
and in the hanging wall of the northwest-dipping Ontario-
Daly West fault zone (figure 30).  The Ontario-Daly West
fault is a normal fault and rocks in the hanging wall (north-
west side) are dropped down relative to rocks in the footwall
side (southeast).  The fault completely severs the Woodside
Shale and members of the Thaynes and Park City Forma-
tions.  As a result, the fault juxtaposes the upper Thaynes
member (on the northwest) against the lower Thaynes mem-
ber and Woodside Shale (on the southeast) near the ground
surface.  Thus, the Upper Thaynes SGWC is juxtaposed
against the Lower Thaynes SGWC.

Historical accounts also suggest that the Ontario-Daly
West fault zone acts as a composite barrier-conduit system.
Similar macroscopic faults that sever limestone formations,
such as the Thaynes and Park City Formations, form low-
permeability clay gouge cores with enhanced permeability
subsidiary fracture zones in adjacent wall rock.   The pres-
ence of the Woodside Shale in the footwall of the uppermost
part of the fault zone increases the likelihood that a low-
permeability core exists caused by shale (clay) smears.

Boutwell (1912) indicated that as excavation of the shaft
proceeded toward the fault through the Upper Thaynes
SGWC, ground-water inflows increasingly plagued opera-
tions.  Several factors likely contributed to the inflows,
including the probable steep hydraulic gradients in the upper
part of Empire Canyon above the shaft site and enhanced
permeability associated with the subsidiary fracturing near
the fault.   The shaft was excavated only to a depth of about
600 feet (180 m) before ground-water inflows caused the
miners to abandon operations.  At one point the shaft filled
nearly to the ground surface with water.

In an effort to dewater the shaft an ambitious drain tun-
nel was excavated.  The tunnel, known as the Judge Tunnel,

was started in 1888, approximately 6,600 feet (2012 m)
downslope of the shaft.  The tunnel was driven through the
Weber, Park City, and Woodside Formations and the lower
part of the Thaynes Formation.  In addition, the tunnel
crossed the Ontario-Daly West fault zone about 500 feet (152
m) downslope (northeast) of the shaft.  The tunnel was driv-
en to a location about 600 feet (183 m) directly beneath the
bottom of the Anchor Shaft (1 on figure 30), but failed to
drain the shaft.

The failure of the Judge Tunnel to drain the shaft demon-
strates both stratigraphic and structural ground-water com-
partmentalization in the Empire Canyon area. Stratigraphic
compartmentalization is demonstrated by the failure of the
shaft in the upper Thaynes SGWC to drain despite the tunnel
penetrating the lower Thaynes SGWC.  The two SGWCs are
separated by the mid-red shale member of the Thaynes
Formation which inhibits the flow of ground water between
the two compartments.  In addition, the tunnel failed to drain
the shaft despite its crossing the Ontario-Daly West fault
zone.  An explanation for this failure is that the inferred sub-
sidiary fracture zone adjacent to the fault in the upper
Thaynes SGWC is not present in the intervening mid-red
shale member, and thus does not allow ground water to flow
downdip along the fault.  Although a similar subsidiary frac-
ture zone is also likely in the lower Thaynes SGWC, these
zones are separated by the mid-red shale member and the
low-permeability fault-zone structures likely present in the
shale-dominated member.

Subsequent attempts to dewater the shaft further demon-
strate compartmentalization of ground water.  A borehole
was drilled from the bottom of the shaft toward the tunnel (2
on figure 30).  The borehole was aborted at a depth of 300
feet (91 m) below the bottom of the shaft when a fire burned
down the drill rig.  The borehole likely penetrated the Park
City Formation, but probably terminated in the phosphatic
shale member that acts as a confining bed.  A second bore-
hole was drilled upward from the tunnel to within 50 feet (15
m) of the bottom of the shaft (3 on figure 30), but also failed
to drain the shaft.   The shaft failed to drain most likely
because this borehole failed to penetrate the low-permeabili-
ty core of the fault zone.    Frustrated, but not defeated, the
miners raised an explosive charge (torpedo) to the top of the
second borehole and detonated it in an attempt to enhance

Figure 29. Intensely sheared and fractured Nugget
Sandstone adjacent to the Snyderville backthrust.  These
subsidiary fractures likely enhance permeability and
form a ground-water conduit parallel to the backthrust.
Outcrop is located in SE1/4 section 36, T. 1 S., R. 3 E.
Hammer shown for scale.  View is to the southeast.
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fracturing and permeability in the intervening 50 feet (15 m)
between the top of the second borehole and the bottom of the
shaft (4 on figure 30).  This effort also failed to drain the
shaft, possibly because zones of clay remained between the
blast-fractured rock and the bottom of the shaft.  Finally, the
shaft was drained when the borehole was drilled upward,
despite some inherent danger to miners in the tunnel below,
to within 20 feet (6 m) of the bottom of the shaft (5 on figure
30).   The extended borehole likely penetrated the low-per-
meability fault zone core and intercepted transmissive frac-
ture zones that crossed the shaft.

Discrete Ground-Water Compartments

Twin Creek Limestone 

We recognize a minimum of four separate Twin Creek
GWCs (plates 3, 4, and 5).  Three of these could be further
subdivided on the basis that the Boundary Ridge Member

divides the Twin Creek Limestone into upper and lower
SGWCs.  We are unable to show this subdivision, however,
because the detailed mapping of the Twin Creek Limestone
members was beyond the scope of our work:

1.  Summit Park-Jeremy Ranch GWC: this GWC
(plate 3, cross sections E-E' and F-F') includes all
members overlying the Gypsum Spring Member
(figure 2) that crop out, or are present in the sub-
surface, between the western boundary of the
study area and the eastern edge of Jeremy Ranch.
The GWC may be subdividable into three addi-
tional separate compartments bounded by the
Toll Canyon fault.

2.  Kimball Junction GWC: this GWC (plate 3, cross
section D-D') includes all members overlying the
Gypsum Spring Member that crop out, or are
present in the subsurface, between Hi Ute Ranch
and Silver Creek Junction.  The Mount Ray-
mond-Medicine Butte thrust bounds the aquifer
to the south, whereas an unnamed fault (Critten-
den, 1974; Bryant, 1990) bounds it on the north.  

3.  Bear Hollow GWC: this GWC (plate 3, cross sec-
tion C-C') includes the thin belt of Twin Creek
Limestone that overlies the Nugget Sandstone
and is bounded on the southeast by the Sny-
derville backthrust (the Mount Raymond thrust
of Crittenden and others, 1966).  The GWC con-
sists mostly of the lower part of the formation
(Lower Twin Creek SGWC) particularly in the
Kimball Junction area. 

4.  Parleys Park GWC: this GWC (plate 4) includes
the belt of Twin Creek Limestone that flanks the
eastern and southern Parleys Park area, and the
area south and southeast of the Silver Summit
subdivision.  We speculate that the entire thick-
ness of the formation crops out southeast of Sil-
ver Summit.  Mapping by others (Crittenden and
others, 1966; Crittenden, 1974; Bryant, 1990)
suggests that the upper part may be faulted out
by the Mount Raymond-Medicine Butte thrust or
an imbricate strand west of the eastern edge of
Parleys Park.  However, we favor the alternate
interpretation of the thrust location (Lamerson,
1982; McBride, 1996, verbal communication) in
which the upper part of the Twin Creek Lime-
stone is not faulted out. The GWC likely contin-
ues east from the Silver Summit area beyond the
study-area boundary, but may be covered by a
substantial thickness of Keetley Volcanics or in-
terrupted by intrusive igneous rocks.

Nugget Sandstone

We recognize a minimum of five discrete Nugget GWCs
(plates 3, 6, and 7).

1.  Summit Anticline GWC: this GWC includes the
Nugget exposed in the core of the Summit anti-
cline (Jarvis and Yonkee, 1993, figure 9; Weston
Engineering, Inc., 1996a) and that underlies the
Twin Creek Limestone.  The upper branch of the
Toll Canyon fault bounds the aquifer on the east
and south.  The GWC is overlain by the Gypsum
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Spring Member of the Twin Creek Limestone in
the majority of the Summit Park area.

2.  Summit Syncline GWC: this GWC (plates 3,
cross section F-F′) underlies the Twin Creek
Limestone in the southern part of Summit Park,
but its recharge area crops out farther to the south
along the southeastern flank of the Summit syn-
cline (Jarvis and Yonkee, 1993, figure 9).  The
lower (main) branch of the Toll Canyon fault
bounds the GWC on the north.

3.  Gorgosa GWC: this GWC (plate 3, cross sections
D-D′ and E-E′) includes the arcuate belt of
Nugget Sandstone that crops out near Gorgosa
(Pinebrook).  The GWC is located in the hanging
wall of the Toll Canyon fault.  It is overlain by
the Gypsum Spring Member north of Kimball
Junction and northwest of Pinebrook and bound-
ed by an unnamed fault (Crittenden, 1974;
Bryant 1990) on the north.  The GWC is separat-
ed from the Summit Anticline GWC to the west
by the upper branch of the Toll Canyon fault
(Jarvis and Yonkee, 1993; Weston Engineering,
Inc., 1996a) and from the Summit Syncline
GWC by the lower branch of the Toll Canyon
fault.  At Kimball Junction, it is bounded on the
south by the Mount Raymond-Medicine Butte
thrust.

4.  Willow Draw Anticline GWC: this GWC (plate
3, cross section C-C′) includes the Nugget Sand-
stone exposed in the core of the Willow Draw
anticline and that underlies the Gypsum Spring
Member northwest of the Snyderville backthrust.
The GWC is severed from the Nugget exposed at
Iron and Quarry Mountains by the backthrust,
except possibly in the uppermost upland
recharge area to the southwest.

5.  Iron Mountain - Round Valley GWC: this GWC
(plate 3, cross section C-C′) includes the folded
belt of Nugget exposed between White Pine
Canyon and the Silver Summit area.  The GWC
may continue east-northeast to the study-area
boundary, but may be covered by a substantial
thickness of Keetley Volcanics or interrupted by
intrusive igneous rocks.

Thaynes Formation

We recognize a minimum of five discrete Thaynes
GWCs (plates 3, 8, and 9).  These GWCs can be further sub-
divided on the basis that the mid-red shale member separates
each into upper and lower compartments.  We are unable to
show this subdivision, however, because the detailed map-
ping of the Thaynes Formation members was beyond the
scope of our work:

1.  Twomile Canyon GWC: this GWC (plate 3, cross
section E-E') includes the folded belt of Thaynes
Formation that crops out south and east of
Twomile Canyon.  The Ecker Hill strand of the
Toll Canyon fault (see description above) bounds
the aquifer on the north.  The aquifer is overlain
by the Mahogany Member of the Ankareh For-
mation in the nose region of the Twomile Can-

yon fold.  The overturned west limb of the fold
places the Thaynes over the Ankareh, at least at
shallow depths.

2.  Ecker Hill GWC: this GWC (plate 3, cross sec-
tion E-E′) includes the Thaynes Formation
where it crops out at Ecker Hill.  The Toll
Canyon fault and the Ecker Hill strand bound the
aquifer on the north and south, respectively.  The
GWC is underlain by the Woodside Shale on the
southeast.

3.  Hi Ute GWC: this GWC (plate 3, cross sections
D-D′ and E-E′) includes the belt of Thaynes For-
mation underlying the unconsolidated deposits
east of Pinebrook.  Faults bound the GWC on the
south and east.  The GWC is overlain by the
Mahogany Member of the Ankareh Formation.

4.  Park Meadows GWC: this GWC (plate 3, cross
sections A-A′, B-B′, and C-C′) consists of the
folded belt of Thaynes Formation that extends
from the eastern part of the study area to the
West Monitor Flats area.  Evidence for subdivi-
sion of this GWC into upper and lower SGWCs
was described previously.

5.  Frog Valley GWC: this GWC (plate 3, cross sec-
tion A-A′) consists of the lower part of the
Thaynes Formation that crops out to the east of
the Frog Valley thrust.  This GWC is underlain
by the Woodside Shale and overlain, in some
areas, by the Keetley Volcanics and Quaternary
unconsolidated deposits.

Weber Quartzite

We recognize a minimum of two discrete Weber GWCs
(plates 3, 10, and 11).  Although the Weber SGWC includes
the lower part of the Park City Formation below the phos-
phatic shale bed, we show the top of the Weber GWCs as the
upper contact of the Weber Quartzite because detailed map-
ping of the Park City Formation members was beyond the
scope of our work.

1.  Park City Anticline GWC: this GWC (plate 3,
cross sections A-A′, B-B′, and C-C′) includes the
Weber Quartzite where it crops out in the core of
the Park City anticline north of the Ontario No. 2
drainage tunnel.  The Weber Quartzite is overlain
by the Park City Formation north and west of
Park City.  The Frog Valley thrust bounds the
GWC on the east, and faulting has increasingly
severed the Weber SGWC to the north.  This has
resulted in structural separation of the Park City
Anticline GWC from the Queen Esther GWC.

2.  Queen Esther GWC: this GWC (plate 3, cross
sections A-A′ and B-B′) includes the Weber
Quartzite in the footwall of the Frog Valley
thrust.  The GWC is at relatively shallow depths
along the southeastern edge of the study area, but
becomes increasingly deeper to the northeast of
Deer Valley.

Safe Yields
The discrete GWCs vary considerably in extent, thick-

ness, physiography, and hydrology.  These factors will influ-
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ence the maximum safe yield.  Whereas some of the larger
GWCs have large recharge areas, other have small recharge
areas.  Still others may be recharged mostly by flow of
ground water along bounding faults (Queen Esther GWC) or
by infiltration from overlying saturated unconsolidated
deposits (Hi Ute GWC).  Whereas some of these GWCs may
supply large safe yields over the long term, those of smaller
extent may supply only small safe yields over the long term.
Such a wide variability in gross characteristics implies that
each of the discrete GWCs may require separate long-term
management plans to prevent exceeding safe yield.

Structure and Thickness

To assist engineers, hydrogeologists, well drillers, public
officials, and others interested in siting future wells in the
discrete GWCs, we have constructed cross sections (plate 3)
and structure-contour and isochore (vertical thickness) maps
(plates 4 through 11) of the Twin Creek, Nugget, Thaynes,
and Weber Formations (refer to discussion regarding actual
GWC boundaries in previous sections).  Some uncertainty is
implicit in the maps due to the lack of data that constrain the
geometry of the formations in many areas.  We did not extend
the maps into most upland recharge areas because the pres-
ent focus of water-resource development is mostly in low-
land discharge areas.  We also did not attempt to extend the
maps into the Park City mining district due to our lack of
detailed knowledge in this complexly faulted area (Barnes
and Simos, 1968).  Proprietary, detailed geologic data avail-
able from the numerous mine workings could, in the future,
be used to prepare maps that would supersede our reconnais-
sance evaluation.

The structure-contour maps (plates 4, 6, 8 and 10) show
the elevation of the upper contact of each formation.
Because structure contours are strike lines, the maps also
show bedding attitude in the uppermost part of the forma-
tions and allow interpretation of the overall structure.  Note
that because of faulting and erosion, the upper contact is not
always present and an incomplete section of the formation
may exist (Ecker Hill GWC and Bear Hollow GWC).  The
isochore maps (plates 5, 7, 9, and 11) show the vertical thick-
ness of each formation.  The elevations and thicknesses
shown on these maps are approximate.  The maps are suit-
able for estimating purposes, but are not intended to be a sub-
stitute for site-specific detailed geologic studies prior to
selecting a water well location.  Further description of how
to use the maps in selecting well locations is presented in
appendix F.

Fracture Domains

Fracture domains are areas with distinct fracture patterns
(Mabee and others, 1994) that differ significantly from sur-
rounding areas.  Fracture domain boundaries are commonly
geologic structures or contacts, but in some cases (such as
boundaries in the Keetley Volcanics) they do not correspond
to a known geologic feature.  In most cases, boundaries are
somewhat transitional even where a well-defined geologic
feature delineates the boundary.  Members of one particular
fracture set within a domain are commonly found across the
boundary in the margins of adjacent domains, but their fre-
quency typically decreases rapidly with increasing distance

from the boundary.
Recent studies (Ritzi and Andolsek, 1992; Cheema and

Islam, 1994) demonstrated that in fractured-rock aquifers the
direction of maximum hydraulic conductivity is parallel to
the direction of the predominant fracture trend or fracture-
connection pathways.  Regional ground-water flow in frac-
tured rock is controlled by the spatial distribution of
hydraulic conductivity and degree of anisotropy (Greene and
Rahn, 1995).  The approximate anisotropy can be estimated
based on the shape of the hydraulic conductivity ellipse from
rose diagram plots (as shown on plates 12 through 15) of
fracture trends.  Such an understanding allows the prediction
of the shape of the cone of depression surrounding a high-
yield well (Ritzi and Andolsek, 1992) and the potential for
hydraulic communication with nearby wells.

Two examples show how fracture patterns can be used to
characterize the hydraulic conductivity of a fracture domain
(figure 31).  The rose diagram in figure 31a shows the frac-
ture pattern of a mesoscopic fault domain.  The rose diagram
shows that the predominant set and the secondary set trend
nearly ninety degrees apart.  Note that the predominant set is
bimodal and trends northwest.  A "best fit" ellipse can be
superimposed over the plot by placing the long axis of an
ellipse over the median line between the two modes of the
predominant set.  The shape of the resulting ellipse in this
case suggests slight anisotropy (anisotropic hydraulic con-
ductivity).  A circle would indicate isotropy.  The degree of
anisotropy can be expressed in the form of a ratio of the
lengths of the axes of the ellipse, or evaluated visually.  Actu-
al ground-water flow paths are likely complex, but flow
along the four directions of the two bimodal sets is favored.
Figure 31b is an example of a rose diagram from a domain
where the maximum hydraulic conductivity is oriented east-
northeast.  Note that the mode of the predominant set is par-
allel to the long axis of the ellipse in this case, which is more
common in the study area than the bimodal case presented in
figure 31a.

The fracture domain maps (plates 12 through 15) show
the prominent trends of fractures, but exclude bedding joints.
Although bedding joints are excluded from the mesoscopic
joint domain maps, bedding faults are not excluded from the

N

Domain 7

(a)
N

Domain 15

(b)

Figure 31. Estimation of the shape of the hydraulic conductivity
ellipse using rose diagrams.  Maximum hydraulic conductivity is
inferred to be parallel to long axis of ellipse.  (a) Rose diagram show-
ing example of a slightly anisotropic hydraulic conductivity.  Long axis
of ellipse is inferred to occupy the median position between the two
predominant modes.  (b) Rose diagram showing example of an
anisotropic hydraulic conductivity.  Long axis of ellipse is parallel to
the predominant fracture trend.
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mesoscopic fault domain map.  We excluded bedding joints
because of the difficulty of accounting for their enhanced fre-
quency near the ground surface.  In general, the fracture pat-
terns constrain the flow paths of ground water in the discrete
GWCs and possibly predict the long axis of the hydraulic
conductivity ellipse (Cheema and Islam, 1994; bulk perme-
ability ellipse of Davis, 1969) for the domain, except in areas
where ground-water flow is significant along bedding joints.
In such areas, flow along bedding must also be considered
and superimposed onto the other fracture data in order to pre-
dict ground-water flow.

Correlation of Linear-Trace Trends with Outcrop-
Fracture Trends

Linear traces (O’Leary and others, 1976) are linear fea-
tures visible on aerial photographs that are less than 1 mile
(1.6 km) in length.  Linear traces may include topographic,
vegetation, and tonal alignments and do not necessarily rep-
resent a geologic feature such as a fracture.  We evaluated the
coincidence of linear-trace trends with fracture trends deter-
mined from outcrop data in three of the largest fracture
domains.  We considered trends to be coincident if the modes
were within a 15 degree half-width of each other.  Coincident
linear traces that trend parallel to prominent fracture sets are
referred to as fracture-correlatable (Mabee and others, 1994)
traces.  Figures 32 and 33 show that linear-trace trends are
more frequently coincident with secondary fracture trends in
two of the three domains than with predominant fracture
trends.  A high percentage of linear-trace trends coincide with
the predominant fracture trend only in domain 2 (figure 33).

The paucity of outcrops made it impossible to define

mesoscopic fracture domains across the entire study area.
Therefore we attempted to extend fracture-domain bound-
aries beyond the limits we imposed (1 kilometer [0.63 mile]
to the closest outcrop) in our mesoscopic fracture domain-
mapping using linear-trace data.  We chose domain 2 because
it demonstrated a high frequency of fracture-correlatable lin-
ear traces and the highest percentage of traces coincident
with the predominant mesoscopic fracture trend.  Figure 34
shows that the majority of linear traces outside of mesoscop-
ic fracture domain 2 are not coincident (are not fracture-cor-
relatable) with prominent mesoscopic fracture trends in the
domain.  We interpret the lack of coincidence to indicate that
the traces consist predominantly of linear features that do not
correspond to macroscopic fractures in rock.

Subsurface Fracture Trends

So far we have discussed mostly trends of fractures
mapped at or near the ground surface, or of linear traces
obtained from aerial photos.  However, because water wells
drilled into rock are typically completed at depths exceeding
several hundred to a thousand feet, we evaluated the avail-
able subsurface fracture-trend data and compared them with
the surface fracture-trend data.  Subsurface data are limited
to the Park City mining district, and no data exist for the
northern two-thirds of the Snyderville basin.  The sources of
our information included published accounts of fractures en-
countered in underground workings, and unpublished geo-
logic maps and information provided by Kerry Gee of Unit-
ed Park City Mines Company.  Geologic maps of  under-
ground mine workings and tunnels typically describe only
faults that show discernable offset and mineralized fractures.
Data on joint trends are generally absent.

N

Domain 2

N

Domain 24

N

Domain 25

Rose diagrams show prominent
fracture trends as determined
from outcrop mapping.

Explanation

Linear-trace mode parallel to (±15 degrees)
predominant undifferentiated fracture trend:
fracture-correlated linear trace.

Linear-trace mode parallel to prominent
secondary undifferentiated fracture trend:
fracture-correlated linear trace.

Linear-trace mode parallel to secondary
undifferentiated fracture trace trend:
fracture-correlated linear trace.

Linear-trace mode that does not coincide
with mapped undifferentiated fracture trends.

Figure 32. Coincidence of linear-trace modes and prominent fracture trends in three selected domains.
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Figure 33. Coincidence of linear-trace modes and prominent fracture trends.  Most traces in these domains can be classified as being “fracture cor-
relatable” (FC) (Mabee and others, 1994), but linear traces correlate more frequently with secondary fracture trends rather than predominant trends
in two of the three domains.

Figure 34. Comparison of linear-trace trends in areas adjacent to
domain 2 to prominent fracture trends.  Linear traces outside arbitrary
boundary of domain 2 show poor correlation with prominent fracture
trends of domain 2.  Seventy percent of linear-trace modes show no
correlation with prominent fracture trends.

Figure 35. Subsurface fault trends as reported by Boutwell (1912).
Trends of major mineralized fault zones (a) and other major faults (b).
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Rose diagram shows prominent fracture trends
as determined from outcrop mapping.

Linear-trace mode parallel to (±15 degrees)
predominant undifferentiated fracture trend:

fracture-correlated linear trace.

Linear-trace mode parallel to secondary
undifferentiated fracture trace trend:
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Linear-trace mode that does not coincide
with mapped undifferentiated fracture trends.
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Subsurface fracture-trend data are relatively consistent
with surface fracture-trend data in the Park City mining dis-
trict.  Figure 35 shows that the trends of the major ore-bear-
ing fault zones and other major faults encountered in the
mine workings are predominantly east-west and northeast,
respectively (Boutwell, 1912).  The subsurface data for the
major ore-bearing (macroscopic) fault zones (figure 35a) are
consistent with the surface data for macroscopic fault domain
II that contains most of the fault zones (see plate 14).  This
confirms that the trend of faults within the domain does not
change significantly with depth.  The northeast subsurface
trend of the other major faults (figure 35b) reported by
Boutwell (1912) is rotated slightly clockwise with respect to
surface data from domain I, and is rotated slightly counter-
clockwise with respect to domain II.  Because the plot
includes measurements from both domains I and II, it likely
presents a mean trend value of the combined domains.

Mesoscopic fracture-trend data obtained from geologic
maps of underground workings and tunnels are also consis-
tent with surface data (figure 36; table 8).  Predominant
trends at three separate subsurface sites are reasonably con-
strained by surface data, and also appear to confirm the loca-
tion of domain boundaries that are defined solely by surface
data.  Data from the Keystone Lower Tunnel (SE1/4NW1/4
section 30, T. 2 S., R. 4 E.) illustrate the consistency between
surface and subsurface fracture trends.  The portal of the tun-
nel is near the boundary between macroscopic fault domains

Ic and IIa, from which the tunnel extends southeastward into
domain IIa.  The predominant subsurface fracture trend at the
Keystone Lower Tunnel is north-northeast (azimuth 025°),
and deviates only slightly from the predominant north-north-
east (azimuth 015°) trend in domain Ic.  The secondary trend
in the tunnel is east-west (azimuth 080°), and again deviates
only slightly from the predominant east-northeast (azimuth
075°) trend of the adjacent domain IIa.  The consistency of
the secondary trend data in the tunnel improves (azimuth
075°) if only fault trends are evaluated (not shown in figure
36).

Potential Ground-Water Resources in the Weber
Ground-Water Compartments

Although no wells are presently completed in the Weber
GWC (includes lower Park City Formation) in the study
area, data from mine workings indicate that highly perme-
able fracture zones may be capable of yielding large quanti-
ties of ground water.  During Spiro Tunnel construction in
1916, peak inflows from the Weber interval exceeded 4,500
gal/min (284 L/s), contributing seventy percent of the peak
discharge at the portal (K. Gee, United Park City Mines
Company, unpublished  data, 1995).  Today, very little inflow
is observed within the first 13,500 feet (4,100 m) of the Spiro
Tunnel.  The Thaynes, Park City, and Weber Formations in
the majority of this interval are drained and dry to nominally
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Figure 36. Comparison of subsurface and surface fracture trends in the Park City mining district.  Subsurface trends determined from maps of tun-
nels and underground mine workings provided by K. Gee of United Park City Mines Company.  Subsurface fractures consist primarily of faults.  Rose
diagrams for surface fracture domains directly above sites of subsurface mapping are shown for comparison.  See table 8 for comparison of pre-
dominant modes.  Roman numerals indicate macroscopic faults.  Others are mesoscopic fractures.
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wet.  Most of the present inflow of ground water into the
Spiro Tunnel is from its southwesternmost extension.
Beneath Thaynes Canyon, the tunnel bends southwestward
and extends to the West Monitor Flat area.  There the tunnel
terminates in the lower part of the Park City Formation (K.
Gee, United Park City Mines Company, verbal communica-
tion, 1995).  Some exploratory drifts extend outward, from
near the tunnel's face, into both the Park City and Weber
Formations.  Other than these exploratory drifts, the area is
not penetrated by extensive mine workings.  The West Mon-
itor Flat area is, in terms of ground-water conditions, analo-
gous to what the remainder of the mining district must have
been like in the second half of the nineteenth century prior to
extensive mining.  The influence of existing mine workings
on ground-water flow should be considered in the selection
of a well site in either of the Weber GWCs.

Changes in Fracture Aperture

Fracture aperture near a well may decrease over time
with continued pumping.  Decreasing production reported in
some wells (T. Jarvis, Weston Engineering, Inc., unpublished
data, 1996) may reflect closing of fractures as fracture pore
pressure is reduced by continuous pumping.  Progressively
decreasing production, if attributable to fracture closing, may
not recover without well-enhancement measures.  The
reported decrease in well production may be attributable to
other factors such as silting in of wells or microbial growth,
but well-production-history data (see reference above) sug-
gest otherwise.  The fact that well production varies season-
ally suggests that well design or condition has little to do
with restricting flow into the well (T. Jarvis, Weston Engi-
neering, Inc., written communication, 1996).

Solution widening may increase fracture aperture in
limestone beds.  Although no direct field evidence was
observed to confirm ongoing solution widening, Huntoon
(1995) indicates that it is reasonable to assume some disso-
lution even where evidence is lacking.  Borehole video tapes
of wells in Park City and anecdotal evidence concerning
wells in the Pinebrook area, all completed in the Thaynes
Formation, suggest at least some solution enhancement (T.
Jarvis, Weston Engineering, Inc., written communication,
1996).  Huntoon (1993) indicated that solution widening may
occur along crests of anticlines, enhancing the permeability
of extensional fractures.

Transient Storage

Production-history data (T. Jarvis, Weston Engineering,
Inc., written communication, 1996) indicate that some wells
completed in fractured-rock GWCs experience seasonal pro-
duction fluctuations.  Larger well yields in the spring result
from rapid recharge during spring runoff.  Lower well yields
occur in the fall and winter months.  Similar seasonal
ground-water inflow fluctuations are reported from tunnels
(K. Gee, United Park City Mines, verbal communication,
1995).  These seasonal fluctuations suggest relatively low
storativity of the fractured-rock GWCs precluding long-term
storage of recharge (T. Jarvis, Weston Engineering, Inc.,
written communication, 1996).

The Importance of Fracture Dip on Well Yield

Figure 37 shows that most fractures in the study area are
high angle (dips exceed 45 degrees).  Because in many areas
bedding fractures are low angle, they will be the most com-
mon fracture type encountered in shallow vertical wells.
Better well yields might be achieved by drilling inclined
holes so that they encounter the high-angle fracture zones
(Banks, 1992), or drilling deeper and increasing the total
number of high- and low-angle fractures encountered as well
as increasing the potential for intersecting a high-angle frac-
ture zone.  Inclined drilling may be most useful where bed-
ding fractures are less common, such as in the Keetley,
Nugget, and Weber Formations.

SUMMARY

Ground water in the Snyderville basin is present in shal-
low unconsolidated deposits and discrete fractured-rock
GWCs.  The limited extent and thickness of the unconsoli-
dated deposits makes them secondary to the fractured-rock
aquifers in terms of their potential for future development.

The unconsolidated deposits consist primarily of alluvi-
um and glacial till and outwash in the lowlands of the study
area.  Unconsolidated deposits consist of only a thin veneer
of glacial or colluvial deposits in most upland areas.  In low-
land areas, the thickness of the deposits generally exceeds 40
feet (12 m), and may be as much as 275 feet (84 m) in the
southern part of Parleys Park.  The exceptional thickness of
unconsolidated deposits and shallow water table in the south-

Subsurface Fracture Trends Surface Fracture Trends

Predominant         Secondary Macroscopic       Mesoscopic
Location Azimuth (degrees) Azimuth1 (degrees)

Keystone Lower Tunnel 025 080 015     075

Queen Esther - 335' Level 055 035     075 025 055

Spiro Tunnel - 6,200' 055 085 075 065

Table 8.
Comparison of subsurface and surface fracture trends.

1Two trends reported where bimodal.



ern part of Parleys Park suggest that the unconsolidated
aquifer is more substantial here than elsewhere in the study
area.  However, descriptions of the deposits, although com-
monly of poor quality, suggest that the deposits are typically
fine grained and unlikely to produce high-yielding wells.

Fractured sedimentary rocks are becoming an increas-
ingly important source of ground water in the study area.
Permeability in these rocks is primarily a result of fracturing
which may be locally enhanced by solution-widening in
limestone and other calcareous units.  Some primary perme-
ability in Cretaceous sedimentary rocks and locally in the
Keetley Volcanics may also yield small quantities of water to
wells.  Primary permeability in Jurassic or older limestones
and sandstones is probably negligible, but has not been stud-
ied in detail.

Fracture characteristics are generally controlled by the
rock properties of each formation and therefore do not vary
significantly in a given formation.  Joints, bedding joints, and
cleavage fractures tend to enhance rock permeability or have
a negligible effect.  Faults may act as conduits, increasing
permeability parallel to the fault, but generally inhibit
ground-water flow perpendicular to the fault.  High-angle-to-
bedding fractures in limestone and sandstone are generally
persistent, allowing ground-water flow perpendicular to
beds.  High-angle-to-bedding fractures in shale generally
have very low persistence, terminate against shale partings or
ductile beds, and are tight or clay-infilled.  Whereas persist-
ent bedding fractures in shale may act as ground-water con-
duits parallel to bedding, non-persistent high-angle-to-bed-
ding fracture characteristics likely inhibit ground-water flow
perpendicular to bedding.  Hydraulic conductivities of frac-
ture-poor shale beds, such as the gypsiferous shale bed in the
lower part of the Woodside Shale, likely approach that of
intact shale.

Fractured limestone and sandstone beds are separated by
shale confining beds that have very low hydraulic conductiv-
ities perpendicular to bedding.   Aquifer-test results indicate
a lack of hydraulic communication between wells completed
in separate fractured limestone and sandstone SGWCs.  His-
torical accounts from mine workings also indicate strati-
graphic control of ground water flow.  Water accumulations
above fracture-poor shale beds likely reflect the inability of

ground water to flow perpendicular to these beds.
Macroscopic faults act in a complex manner as ground-

water conduit-barrier systems and also sever the continuity
of SGWCs.  Fault-zone cores commonly consist of gouge
zones that likely act as barriers to ground-water flow.
Gouge-zone width is a function of wall rock type and the
amount of displacement on the fault.  Zones of interconnect-
ed subsidiary fractures in brittle wall rock may act as con-
duits parallel to the fault, but may terminate along strike at
contacts.

At least sixteen discrete GWCs are recognized.  Several
of these, in the Twin Creek Limestone and Thaynes Forma-
tion, may be subdividable on the basis that they contain an
intraformational confining bed.  GWCs vary considerably in
extent, thickness, physiography, and hydrology.  Recharge
areas for some may be small and for these safe yields may be
low.

Fracture trends vary across the study area, but fracture
domains with distinct fracture trends are recognizable.  In
many cases, fracture-domain boundaries occur at major
structures or geologic contacts; however, others do not and
are transitional.  Fracture patterns as presented on rose dia-
grams are useful in predicting hydraulic communication
between wells in a single GWC and help predict the shape of
drawdown cones.  Fracture-trend data determined from out-
crops correlate well with subsurface fracture data, but corre-
late poorly with linear-trace data.

Other factors may affect the production history or yields
of wells completed in fractured rock.  Continuous pumping
may result in closing of fractures as pore pressures are
reduced.  Fracture aperture may not recover, resulting in
diminishing well yields over time.  Solution widening in
limestone and calcareous rocks may increase fracture perme-
ability and can favor specific structural settings such as the
crests of anticlines.  As a result of the steep dip of most frac-
tures, vertical wells are less likely to intercept transmissive
fracture zones.  Inclined drilling may result in higher well
yields, particularly in formations such as the Nugget Sand-
stone and Weber Quartzite where moderate- to low-angle
bedding fractures are rare.  Water well production-history
data suggest that fracture storage characteristics may pre-
clude long-term storage of recharge.
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Figure 37. Dip of mesoscopic joints and faults.  Histograms show that the majority of joints and faults dip greater than 45 degrees.  Over 50 per-
cent of joints and 35 percent of faults are nearly vertical. 
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RECOMMENDED FUTURE STUDIES

Conclusions and observations in this report are prelimi-
nary due to the regional scope of the study.  In this section,
we present our recommendations for future investigations
that would supplement this study and add further to the
understanding of the ground-water resources in the study area.

1.  Long-duration, constant-pump-rate aquifer tests
are required to demonstrate the anisotropy and
compartmentalization of the fractured rock
throughout the study area.  Although the limited
data available to us during this study appear to
support these concepts, our speculation regard-
ing the anisotropy of fractured rock is based
solely on fracture-pattern data.  To determine the
anisotropy of discrete fractured-rock GWCs,
aquifer tests must be conducted using monitor-
ing wells that are completed in the compartment,
and that are located so that the shape of the cone
of depression can be defined.  Additional moni-
toring wells must be situated in adjacent com-
partments or confining beds to test the integrity
of the latter.

2. More detailed fracture data are required to pre-
dict hydraulic communication among wells in a
local area or within single subdivisions.
Although we collected much fracture data, our
focus was on understanding as much of the basin
as possible.  In the process of collecting data, we
recognized certain areas that were structurally
complex and where fracture patterns varied
widely among outcrops.  In such areas, our data
are only preliminary and more detailed studies
are required.

3. Additional investigations are needed to deter-
mine ground-water storage characteristics of
fractured rock.  We are aware of no studies to
determine the primary permeabilities of rock
types in the study area.  We observed evidence
suggesting high primary permeability locally in
the Frontier Formation, Gartra Grit Member of
the Ankareh Formation, and the Keetley Vol-

canics that may yield low to moderate amounts
of ground water to wells.  Primary permeability
data may give insights into specific retention
(water that is not yielded to wells) in fractured
rock, and may be useful in understanding the
long-term production history of existing wells.
In addition, fracture connectivity should be eval-
uated in detail to determine its variability across
a single fractured-rock ground-water compart-
ment.  The degree of connectivity is proportion-
al to the permeability of a fracture set or network
(combination of fracture sets) (Ohlmacher,
1994).  Poorly connected fractures may contain
ground water that may be difficult to recover
from wells.

4.  Recharge areas of the discrete GWCs should be
identified using the hydrostratigraphic concepts
and an understanding of the role of macroscopic
faults as complex barrier-conduit systems pre-
sented herein.  This is an important step in esti-
mating the safe yields of each GWC and identi-
fying potential sources of ground-water contam-
ination.
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GLOSSARY

Anticline - a fold, the core of which contains stratigraphically older rocks, and is convex or closes upward

Aperture - thickness of fracture opening (may be infilled)
Descriptive term Aperture (mm)
tight no visible opening
slightly open <1
moderately open 1-3
open 3-10
moderately wide 10-30
wide >30

Asperities - irregularities on a fracture surface

Axial surface (plane) inclination 
Descriptive term Dip (degrees)
gently 0-30
moderately 31-60
steeply 61-80
upright 81-90

Bedding spacing
Descriptive term Spacing (cm)
massive >200
layered <200
thinly laminated <0.3
thickly laminated 0.3-1
very thinly bedded 1-3
thinly bedded 3-10
medium bedded 10-30
thickly bedded 30-100
very thickly bedded >100

Bifurcates - branches

Cleavage - a planar fabric in a rock normal to the direction of shortening that forms at relatively low metamorphic grades

Common joints - joints that are less than 5 meters in length

Compass directions
Descriptive term Azimuth range (degrees)
north-south 346-014
north-northeast 015-030
northeast 031-059
east-northeast 060-075
east-west 076-089; 270-284 (270=090)
west-northwest 285-300
northwest 301-329
north-northwest 330-345

Note that strike lines are horizontal lines.  Their attitude can therefore be described as being either north or south, northeast or south-
west, etc. Directions other than north, south, east, or west were abbreviated using compass directions in the northern two quadrants,
for example northeast versus northeast-southwest.

Country rock - the rock intruded by and surrounding an igneous intrusion

Dip slip - slip direction, or component thereof, is roughly parallel to dip direction of the fault; rake is between 70 and 90 degrees

Disharmonic - a description of folds that die out within a couple of half-wavelengths or less; in layered rocks

Disjunctive - a type of cleavage that is not pervasive, but rather characterized by spaced cleavage domains

Fold tightness
Descriptive term Interlimb angle (degrees)
isoclinal 0-10
tight 10-30
close 30-70
open 70-120
gentle 120-180

Footwall - the lower block of a non-vertical fault
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Fracture persistence
Descriptive term Trace length (m)
very low <1
low 1-3
medium 3-10
high 10-20
very high >20

Fracture spacing
Descriptive term Spacing (cm)
extremely close <2
very close 2-6
close 6-20
moderate 20-60
wide 60-200
very wide 200-600
extremely wide >600

Hanging wall - the upper block of a non-vertical fault

Hydraulic conductivity - a coefficient of proportionality describing the rate at which water can flow through a permeable medium that is a function 
of both the porous or fractured medium and the density and viscosity of water

Macrojoints - joints that exceed 5 meters in length

Macroscopic - regional scale

Mesoscopic - visible at the scale of outcrops and hand samples

Microjoints - tiny joints that are spaced less than 3 millimeters apart

Microscopic - visible under the microscope

Mode - the value that occurs with the greatest frequency

Normal fault - a fault where the hanging wall appears to have moved downward relative to the footwall

Permeability - a coefficient describing the rate of which water can flow through a medium that is only a function of the porous or fractured 
medium

Plumose - a joint surface pattern that resembles a feather; indicative of an extensional mode of origin

Plunge - the angle that a linear structure such as a fold axis makes with respect to a horizontal plane measured in a vertical plane

Descriptive Term Plunge (degrees)
horizontal 0-10
gently 11-30
moderately 31-60
steeply 60-90

Predominant - most common

Prominent - projecting outward (as on a histogram or rose diagram); immediately noticeable

Reverse fault - a high-angle fault where the hanging wall appears to have moved upward relative to the footwall

Slickenside - a highly polished surface that is the result of frictional sliding

Storativity - the volume of water that an aquifer releases from or takes into storage per unit surface area of the aquifer per unit change in head

Strike slip - slip direction, or component thereof, is parallel to the strike of the fault; rake is between 0 and 20 degrees

Stylolitic - widely spaced disjunctive cleavage; commonly the result of pressure (strain) solutioning

Syncline - a fold, the core of which contains stratigraphically younger rocks, and is convex or closes downward

Thrust fault - a low-angle fault where the hanging wall appears to have moved upward relative to the footwall

Wall rock - the rock mass comprising the wall of the fault
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APPENDIX A

Methods

Unconsolidated Deposits

Water-Well Log Interpretation and Correlation

Our knowledge of the subsurface geology of unconsolidated deposits in the study area is chiefly from water-well drillers’ logs.  These logs give
descriptions of the types of materials encountered during drilling.  These logs vary in quality and their use requires caution in their interpretation due
to inadequate geological information.  Exact depths and specific deposit types cannot always be defined in the unconsolidated valley fill from the logs.
However, correlation and interpretation of the logs do provide enough information to prepare generalized cross sections. 

Seismic-Refraction Soundings

Seismic-refraction soundings are useful for delineating the thickness of the unconsolidated materials and depth to bedrock.  Seismic-refraction
techniques artificially induce vibrations into the ground and measure the average velocity of the vibrations in subsurface materials.  Unconsolidated
deposits transmit the induced vibrations slower than consolidated bedrock.  By measuring the velocities in different units one can calculate depth to
bedrock.

We conducted seismic-refraction surveys using an in-line profiling method.  We used 12 hertz (Hz) geophones and an energy source placed first
at one end and then at the other end of the line of geophones to generate reverse profiles.  Intervals between uniformly spaced geophones varied from
25 to 40 feet (7-12 m), depending on the area available to accommodate total line length and the expected depth to bedrock.  The reversed profiling
method allowed the construction of symmetrical time-distance graphs.  The recording instrument was an EG&G Geometrics ES-1225 portable field
seismograph.  This instrument is a microprocessor-based multichannel shallow-exploration seismograph, consisting of a 12-channel recorder and
amplifying unit.  The instrument permits signal enhancement, and multiple seismic impulses at each site were used to enhance the signal and help
cancel background noise.  The energy source was a Bison elastic wave generator (EWG).  Bison's EWG creates a high-energy, high-frequency seis-
mic impulse using a 300-pound (136-kg) hammer driven into a steel anvil on the ground surface.

Ten sites were selected for seismic-refraction soundings (one 10 channel and nine 12 channel soundings) to supplement the drillers’ logs used in
the construction of four cross sections (figures 8-11).  The soundings indicated that unconsolidated deposits are homogeneous with respect to seismic
velocity.   Unconsolidated surficial deposits had seismic velocities ranging from 2,000 to 6,000 feet per second (610 to 1830 m/s).  The velocity in
bedrock ranged from 10,000 to 12,000 feet per second  (3,050 to 3,660 m/s) for sedimentary bedrock and from 5,500 to 6,200 feet per second (1,680
to 1,890 m/s) for volcanic bedrock.

Preparation of Isopach Map

To prepare the isopach map (figure 12), we used the best available information on the depth to bedrock, mostly water-well drillers’ records and
seismic-refraction data.  Where data are not available, we interpolated to estimate the thickness of unconsolidated deposits.  For the most part, figure
12 is a crude approximation.

Fractured Rock

Field Methods

Because of  the significant contribution of fractures to the total permeability of rock aquifers, we evaluated fracture characteristics across the study
area.  Outcrop mapping of surface exposures was supplemented with linear-trace analysis, using aerial photographs, in areas of limited or no outcrop. 

Outcrop mapping: Outcrop mapping of mesoscopic fractures (visible at the scale of outcrops and hand specimens) was performed at 111 sites in the
study area.  We used a modified scan-line survey technique at sites with nearly vertical cut walls.  The technique involves recording characteristics of
fractures that cross a line (measuring tape) that is stretched across an outcrop or rock cut.  We recorded scan-line trends so that directional biases could
be recognized.  The fracture characteristics  recorded include attitude, fracture type, mineralization or alteration effects, infilling type, aperture, per-
sistence, and surface planarity and roughness (see glossary).  Some outcrops were not well suited for the scan-line survey technique and selective map-
ping was used to obtain uniform sampling of the fractures at these sites.  

To determine true fracture spacings, we measured spacings of selected fracture types and trends at sixteen sites.  Our purpose was to develop a
preliminary understanding of fracture spacing values, as well as to determine whether trends could be established between fracture spacing and depth.
Fracture spacing was measured in centimeters normal to the fracture planes with an estimated precision of ±0.5 millimeters ( ±0.02 in).  We measured
spacings for fracture sets demonstrating only small variations in attitude.  All measurements were taken at depths less than 5 meters (16 ft) below the
top-of-rock.  We measured joint spacing in most of the formations underlying the Preuss Sandstone.  In addition, we measured the spacing of bedding
fractures in the Preuss, Twin Creek, and Nugget Formations, and of faults within a northeast-trending fault zone in the Nugget Sandstone.

Linear-trace analysis:We used aerial photographs to identify linear traces (O'Leary and others, 1976) throughout the Snyderville basin.  Natural lin-
ear traces visible on aerial photographs and continuous for less than one mile are sometimes referred to as fracture traces (Lattman, 1958).  They may
include topographic, vegetation, or soil tonal alignments.  Although a linear trace can be the direct manifestation of a macroscopic (regional) joint or
a fault, it may also be the surface expression of another geologic feature such as a contact between two different rock types.  Alternatively, a linear
trace may not represent a geologic feature at all.  Linear traces, however, have been correlated successfully with both joints and other geologic struc-
tures (Cheema and Islam, 1994).

Linear traces were mapped by a single observer, and therefore have not been filtered through use of a reproducibility test (Mabee and others,
1994).  The traces were transferred to topographic maps and the trend and length determined for each.  Trace intensity in the Keetley Volcanics was
locally extremely high and prohibited including all data into the analysis.  A selective sample of at least twenty-five traces was collected by placing a
small square grid over an area of high linear-trace density.  The data were compared with the total population of linear traces near the sample area to
evaluate whether the sample was representative of the entire population of observed traces.
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Limitations: Directional sampling methods, such as the scan-line survey technique used, can bias the fracture-trend (attitude) data.  We chose a scan-
line survey technique, however, because it reduces some of the subjectivity in sampling that can result otherwise.  An orientation effect (Terzaghi,
1965; Lapointe and Hudson, 1985) is inherent in directional sampling because of the dependency of fracture frequency to the angle between the scan
line and the predominant fracture orientations.  The orientation effect is reduced or eliminated by taking two or more scan-line surveys at large acute
angles to each other in any given area where fracture trends will be defined.  In areas with multiple stations (where the number of stations [m] is
greater than 1 in the tables on plates 12, 13, 14, and 15) and oriented as described, the orientation effect will be reduced.  Modifications to the sam-
ple collecting technique were also made to include scan-line-parallel fractures.  The modification potentially reintroduces some subjectivity into the
data collection.  The potential for a bias resulting from the orientation effect is greatest where trends are shown based on single scan-line stations.  No
correction was made to the trend data presented in this study, but instead the scan-line direction was recorded so that the potential for directional bias
could be identified.  Where the prominent trends are at small acute angles to the scan-line direction, the relative frequency relationships shown in the
rose diagrams are likely representative.  Alternatively, where prominent trends are nearly perpendicular to the scan-line direction, there is a potential
that their relative frequency is overestimated (Lapointe and Hudson, 1985).

Other limitations that influence quantitative determination of fracture aperture and persistence became apparent during the outcrop mapping.
Natural surficial processes and other disturbances have increased fracture aperture at the outcrop.  Surficial processes include ice and root wedging,
natural decrease in lateral stresses due to erosion, and toppling.  Disturbance due to root wedging was the most easily recognized and noted.  Other
disturbances include blast-induced widening of fractures, mechanical disturbance of the rock mass, and excavation-induced stress release effects.  The
aperture values reported in this study likely reflect widening from natural surficial processes and other disturbances, although widening was noted in
field logs wherever recognized.  Fracture-persistence measurements were restricted by the size of the outcrops.  Only a few of the available outcrops
exceeded 5 meters (16 ft) in length in all directions, and mapping of true fracture length was limited to fractures with lengths less than the outcrop
dimensions.  In general, only a minimum length could be determined for fractures.  

The linear-trace data are also subject to some limitations.  A modified version of domain overlap analysis (Mabee and others, 1994) was employed
in areas where outcrop mapping was performed to evaluate the nature of the traces (figures 32, 33, and 34).  In areas where outcrops were absent or
access was restricted, the nature of the traces could be evaluated only by projection from the closest available outcrop data.  We chose not to present
the raw linear traces because they were not filtered to eliminate traces that do not meet a reproducibility criteria and do not correlate with outcrop
fracture data.

Preparation of Structure Cross Sections

We constructed cross sections using available geologic data (Crittenden and others, 1966; Bromfield and Crittenden, 1971; Crittenden, 1974;
Bryant, 1990; Jarvis and Yonkee, 1993) supplemented with limited geologic mapping and structural analysis.  In constructing the cross sections, we
reinterpreted previous mapping (Crittenden and others, 1966; Bromfield and Crittenden, 1971).  In many cases, the contacts on published maps,
although shown as approximate, required relocation on the cross sections.  However, in many of these areas, the contacts are covered by colluvium
and are difficult to locate in the field.  In other cases, mapping errors were noted and revised on the cross sections.  In a few cases, we inferred addi-
tional faults that do not appear on the previously published maps.

We developed cross sections using the kink method (Faill, 1969, 1973; Suppe, 1985) which assumes that limbs of folds have a constant dip.  The
assumption of constant dip is generally valid over short distances in most of the study area, and allows for easier prediction of the approximate depth
to a specific contact.  We did not attempt to balance the cross sections; however, the kink method ensures proper line length and area balancing where
sufficient data are available (Tearpock and Bischke, 1991).  Our use of the kink method does not imply that we believe all macroscopic folds have
angular hinge zones.  Rather, the method allowed us to impose some realistic constraints in developing the cross sections.  The method also allows
the engineer or other user to estimate the depth to a layer or contact because a well site will generally be located within a single constant dip domain.

We used formation thicknesses from published measured sections and thicknesses (Boutwell, 1912; Granger, 1953; Bromfield, 1968; Hintze,
1988).  In addition, we estimated thicknesses using descriptive geometry techniques and published maps.  Table C.1 in appendix C shows the wide
range of formation thicknesses from these sources and the ranges used in the cross sections.  In most cross sections, we assumed constant formation
thickness along the section line.  However, formation thicknesses are, in many cases, significantly different in the hanging wall than in the footwall
of the Mount Raymond-Medicine Butte thrust (table 1).

Preparation of Structure-Contour and Isochore Maps

We developed structure-contour and isochore maps using the cross sections and published map data.  Elevations and thicknesses were determined
from the cross sections and plotted along the section lines.  Elsewhere, we plotted structure-contour lines using geometric techniques or directly from
geologic-map data.  We constrained structure-contour-line trends using bedding attitude data at the ground surface.  We estimated trends of isochore
lines on the basis of inferred fold geometry and bedding attitude.  In areas of outcrop between the traces of the upper and lower contacts, we ignored
second-order thickness variations due to topography to simplify the isochore lines, but acknowledge that estimates of isochore thickness will vary
from actual vertical thickness observed in wells due to such topographic effects.

Determination of Fracture Domains

We analyzed mesoscopic and macroscopic fracture and linear-trace data to delimit fracture domains in the study area.  We plotted fracture trends
(strike directions) on rose diagrams using a 10-degree class interval.  A minimum of four measurements was required before a rose diagram would be
plotted for a single fracture type at a station.  Prominent fracture trends were determined from the rose diagrams.  We plotted the prominent trends
onto interim maps to evaluate the spatial distribution of specific fracture trends.  Clusters of stations with similar prominent trends defined prelimi-
nary domains.  In many cases, we established boundaries between domains using a trial and error method.  This method involved adding fracture data
from adjacent stations to a preliminary domain fracture set to evaluate whether the addition altered the fracture pattern in the domain.  Wherever pos-
sible, we attempted to select reasonable geologic features as boundaries.  On our final domain maps, we terminated the domains wherever the dis-
tance to the nearest outcrop station exceeded one kilometer.  In a few areas, we were able to extend the boundaries on the basis of linear-trace data,
where such trends correlated (±15 degrees) with the outcrop data.  Unfortunately, in most areas where outcrop data were lacking, trace trends showed
poor correlation with prominent fracture trends of adjacent fracture domains (figure 34).  Macroscopic fault trends were measured from published
geologic maps.
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APPENDIX B

Use of the Structure-Contour and Isochore Maps and Cross Sections

Use of the Structure-Contour Maps

The structure-contour maps allow the user to estimate the depth to the upper contact of an underlying ground-water compartment or formation.
The maps show the subsurface elevation of the top of the unit (figure B.1a).  Contour lines are typically shown until the approximate depth of the
upper contact exceeds 2,500 feet (762 m).  The depth to the top of the unit, or the thickness of the overlying deposits, can be estimated by subtract-
ing the elevation of the upper contact from the ground-surface elevation at the well site.

The traces of where the upper and lower contacts intersect the ground surface are also shown on the maps.  Due to topography, the traces are
irregular.  The ground-water compartment or formation crops out at the surface, except where covered by overlying Tertiary or Quaternary deposits,
between the traces of the upper and lower contacts.  The contour lines of the upper contact would be above the ground surface in this interval and
therefore are not shown.

Use of the Isochore Maps

The isochore maps allow the user to estimate the total vertical thickness of an underlying compartment or formation (figure B.1b).  The trace of
the lower contact's intersection with the ground surface represents the zero-thickness line.  Wells must be located on the "downdip" side of this trace
where the unit crops out to encounter the unit.  Isochore thickness increases progressively in this "downdip" direction from the lower contact to the
upper contact.  Wells between the traces of the upper and lower contacts will penetrate only a portion of the unit, in addition to some thickness of
overlying Tertiary or younger deposits.  For wells between the upper and lower contacts and in areas underlain by unconsolidated deposits, the depth
to the bottom of the unit can be estimated by adding the isochore thickness to the estimated thickness of unconsolidated deposits (figure 12).  For
wells located on the "downdip" side of the upper contact, isochore thickness varies directly with the dip of the formation.  The depth to the bottom of
the unit can be estimated by adding the isochore thickness to the depth to the upper contact, determined from the structure-contour map as described
above.

Example Demonstrating the Use of the Maps and Cross Sections

To demonstrate how to use the maps and cross sections to site future water wells, we have selected a hypothetical proposed well located in Park
City as an example.  We locate this hypothetical well 2,000 feet south and 400 feet west of the northwest corner of section 10, T. 2 S., R. 4 E. at an
old prospect site shown by an "x" (plate 10).  The ground-surface elevation at this site is approximately 6,780 feet.  In this demonstration we will
show how the maps and cross sections assist in the following:

1.  identifying potential ground-water compartments at depth,
2.  determining the depth to the top of the ground-water compartment/formation,
3.  determining the vertical thickness of the ground-water compartment/formation,
4.  indicating whether an overlying confining bed will provide protection with respect to water quality, and
5.  evaluating whether continuous pumping will affect nearby GWC.

Identifying Ground-Water Compartments at Depth

The structure-contour map (plate 10) shows that the Park City Anticline ground-water compartment underlies the well site.   Historical accounts
of water inflows from the Park City mining district indicate the presence of highly permeable fracture zones in the Weber Quartzite.  Although not
shown on the plate, the lower part of the Park City Formation may also yield water to the well. 
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Figure B.1. Explanation of information shown on structure-contour and isochore maps.
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Depth to the Top of the Weber Quartzite

The depth to the top of the Weber Quartzite can be determined by subtracting the elevation of the upper contact, shown on plate 10 to be approx-
imately 6,150 feet, from the ground-surface elevation at the site.

6,780' - 6,150' = 630 feet

Vertical Thickness of the Weber Quartzite

The isochore map (plate 11) indicates the vertical thickness of the aquifer exceeds 1,600 feet at the well site.  If the well is designed to be 1,500
feet deep and the top of the Weber Quartzite is at a depth of 630 feet, then the well will be completed only in the upper part of the Park City Anticline
GWC.  The estimated thickness of Weber Quartzite intercepted by the well is:

1500' - 630' = 870 feet 

Presence of an Overlying Confining Bed

Because the well is located where the upper contact is in the subsurface, overlying formations are intercepted by the well.  At this site, evaluat-
ing the nearest cross section (B-B' on plate 3) indicates that the subsurface geology consists of a thin veneer of colluvium/alluvium overlying the Park
City Formation and the Weber Quartzite.

The phosphatic shale member of the Park City Formation (figure 19) is a confining bed that may protect the underlying GWC from contamina-
tion due to surface infiltration near the well site and to the north.  The phosphatic shale member separates the Weber Quartzite SGWC (Park City Anti-
cline GWC) from the overlying Upper Park City SGWC that is in turn separated from the Lower Thaynes SGWC (lower part of the Park Meadows
GWC shown in cross section B-B' in plate 3) by the lower part of the Woodside Shale.

Evaluating Effect of Continuous Pumping on Adjacent GWCs

The cross sections (A-A' and B-B' on plate 3) and structure-contour maps (plates 8 and 10) show two important GWCs nearby, the Queen Esther
and Park Meadows.  As described above, several confining beds separate the Park City Anticline GWC from the Park Meadows GWC and therefore
pumping from one will not likely affect the other.   Cross sections A-A' and B-B' (plate 3) show that the Frog Valley thrust severs the Weber SGWC.
In addition, the thrust likely acts as a ground-water barrier-conduit.  Several other unnamed faults between the well site and the Queen Esther GWC
(cross section B-B') likely act as boundaries to ground-water flow.  It is therefore unlikely that continuous pumping at the well site will affect water
levels in any wells in the Queen Esther GWC.
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APPENDIX E

Fracture Spacing  

We measured true fracture spacing at fourteen selected sites (table E.1) in seven different formations.  At each site, we measured spacing per-
pendicular to the fracture surfaces of the prominent systematic (Twiss and Moores, 1992) or persistent fracture set.

These measurements and our field observations suggest that zones of intense fracturing are isolated or surrounded by areas that are less frac-
tured.  Subsidiary fault zones, consisting of tight faults spaced close to extremely close, are typically adjacent to major faults.  Subsidiary fault spac-
ing increases, or the frequency of faults decreases, with increasing distance away from major faults.    

Insufficient average-fracture-spacing data (table E.2) exist to establish unequivocal trends, but some insights are possible from close examina-
tion of the data.  Table E.2 presents average spacing values for various fracture-set trends.  The values are grouped by fracture type, formation, and
trend.  Although the data provide some insight into fracture spacing in the study area, the data are inadequate for site-specific characterization with
respect to fracture spacing.
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Table E.2.
Summary of average-fracture-spacing data.

Fracture Average Formation Average Spacing (cm) Trend Average
Type Spacing High-Angle Bedding Spacing

(cm) Fractures (cm)

High-Angle Fractures 2 - 116 Preuss Ss. — 16 NS 14 - 116

Joints 2 - 116 Twin Creek Ls. 29 8 - 12 NNE —

Calcite Veins 29 Nugget Ss. 4 - 116 20 - 30 NE 8 - 26

Faults 11 Ankareh Fm. 14 — ENE 4 - 26
upper mbr.

Undifferentiated 9 - 11 Ankareh Fm. 26 — EW 2 - 30
Mahogany Mbr.

Bedding Fractures 8 - 30 Thaynes Fm. 11 - 15 — WNW 2

Park City Fm. 2 — NW 52

Weber Qtz. 42 — NNW 12
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APPENDIX F

Fracture Persistence

Persistence distributions that are corrected for biases introduced by the actual number of measurements in each formation (table F.1) suggest that
joints with lengths that exceed 5 m (16 feet) are most frequent in the Nugget Sandstone and Weber Quartzite.  The apparent tendency for higher per-
sistence joints in these formations is likely due, in part, to the availability of large outcrop areas in both.  Similarly, corrected persistence distributions
suggest that faults with lengths that exceed 5 m (16 feet) are most frequent in the Keetley Volcanics, and somewhat less frequent in the Thaynes,
Ankareh (sandstone beds that crop out), Weber, and Nugget Formations.   This appears to confirm the tendency for higher persistence fractures in
limestone and sandstone as well as in the undifferentiated volcanic rocks of the Silver Creek breccia.

Persistence versus trend (direction) distributions (table F.2) appear to show that certain trends are characterized by higher persistence fractures.
Joints that strike north-northeast and east-west, and faults that strike northeast to east-west and northwest, exhibit the highest frequency of persistence
values exceeding 5 m (16 feet).  The tendency for higher persistence in east-west-striking fractures appears to be the least biased by the frequency of
fractures with that trend.

Linear-trace persistence distributions as determined from aerial-photo mapping allow some comparison with mesoscopic persistence; however,
the data are admittedly overwhelmed by non-fracture-correlated traces.  Figure F.1 shows that traces that trend west-northwest have the longest aver-
age lengths, followed by traces that trend east-west, northwest, and east-northeast, listed in descending order.  The high average length of east-west-
trending traces is consistent with high persistence observed for both mesoscopic joints and faults with this trend.  Surprisingly, traces with a northeast
trend have the lowest average length, despite that higher persistence mesoscopic faults with this trend are common.

Table F.1.
Corrected relative frequency distribution of high-persistence

fractures.  Relative frequency (percent) of fractures with
persistence greater than 5 m (16 ft).

Formation Joints Faults

Keetley Volcanics 5 26
Tertiary intrusives 5 —
Tertiary conglomerates 7 —
Frontier Formation 16 25
Kelvin Formation. 3.5 —
Preuss Sandstone 1.5 7
Twin Creek Limestone 1.5 1
Nugget Sandstone 29 8
Ankareh Formation 2.5 9
Thaynes Formation 3 9
Woodside Shale 2 5
Park City Formation 1 2
Weber Quartzite 21 8

Table F.2.

Relative frequency distribution of high-persistence fractures versus trend.
Relative frequency (percent) of fractures with persistence greater than 5 m (16 ft).

Trend NS NNE NE ENE EW WNW NW NNW

Joints 15 20 18 7 18 10 5 7
Faults 5 12 24 17 19 7 14 2
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Figure F.1. Linear-trace persistence versus trend.  Histogram shows
the average length of 2,298 linear traces separated by trend.  Data set
likely contains a high percentage of traces that are not the surface
manifestation of fractures in rock.  Linear traces were mapped from
aerial photographs.

Distributions corrected to reduce bias resulting from differences in the number
of measurements in each formation.  The high percentage of high-persistence
faults shown in Frontier Formation is likely a product of the correction where
there is a small number of actual measurements.
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NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Structure contours determined from cross sections (some are shown
on plate 3) and published map data using descriptive geometry 
techniques.  Values are approximate and suitable for estimating 
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum.
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Section line.
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NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Isochore (verical thickness) values determined from cross sections
shown on plate 3.  Values are approximate and suitable for estimation
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum
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Isochore line showing vertical thickness GWC; short
dashed where  GWC covered and geologic constraints
lacking; queried where uncertain or potentially absent
beyond where shown.

Trace of fault at ground surface; short dashed where
covered.

Trace of upper or lower contact; short dashed where
covered; dashed where location differs from previous
mapping by others; arrow indicates dip direction where
contact overturned.

Lower contact of Keetley Volcanics; dashed where
unconsolidated deposits cover consolidated rock.

Area where formation crops out at surface or covered
by shallow unconsolidated deposits.

Section line.

Water well with thickness of GWC indicated in feet.
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NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Structure contours determined from cross sections (some are shown
on plate 3) and published map data using descriptive geometry 
techniques.  Values are approximate and suitable for estimating 
purposes only.

3. Structure contours were not extended into upland areas.
4. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground

Water Compartment, NGVD = National Geodetic Vertical Datum.

			�����

������

�

��

�

��

��

�

�

��

��

��

�

�

���

trace of upper contact

trace of lower contact

4600(?)

5000(?)
5400(?)

5800(?)

6200(?)

Thickness of Keetley
Volcanics uncertain but
may exceed 1,500 feet

4600(?)

5000(?)

5400(?)

5800(?)

62
00

(?
)

6800(?)

7000

8200

8600

Nugget Sandstone
Snyderville GWC

trace of lower contact

trace of lower
contact

tra
ce

 o
f M

ou
nt

 R
ay

m
on

d 
th

ru
st

46
00

(?
)

50
00

(?
)

54
00

(?
)

?

?

??

?5800

6200

66007000

6200

66
00

70
00

5400

58006200

6600

inferre
d hydrogeologic

boundary

TkNugget Sandstone:
Gorgosa GWC

inferred
hydrogeologic
boundarytra

ce of u
nnamed fa

ult

Toll
 C

an
yo

n 
fa

ult
 zo

ne
5400580062006600

7000
7400

7800

7400
7800

8200

Nugget Sandstone:
Summit Anticline GWC

trace of upper
contact

Nugget Sandstone:
Summit Syncline GWC

trace of upper

contact
trace of lower
contact

54
00

58
00

50
00

54
00

58
00

62
00

62
00

-7
00

0(
?)62

00
, 6

60
0(

?)

62
00

inferred hydrogeologic

boundary

Nugget Sandstone:
Willow Draw Anticline
GWC

7800

7400

7000

Tk

Tk

Tk

? ?

?

??

Nugget Sandstone: Iron Mountain-
Round ValleyGWC

Structure-contour line of upper contact of GWC; short
dashed where  GWC covered by Keetley Volcanics,
thick unconsolidated deposits, or glacial deposits and
geologic constraints lacking; queried where uncertain
or potentially absent beyond where shown; elevations
are in feet (NGVD); contour interval is 400 feet.

Trace of fault at ground surface; short dashed where
covered.
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NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Isochore (verical thickness) values determined from cross sections
shown on plate 3.  Values are approximate and suitable for estimation
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum
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Section line.

Water well with thickness of GWC indicated in feet.

EXPLANATION



��������

�������

�	

��


�	�
�	


			�����

��������	��
��	������
������������	
�����������������������	��������

��������

			�����

�������
��������������		��
����

�	�
�	


������

�	

��


�������

�������

			�����

������������	����
��
��
���
����	��
��������	�
�	���������
����	

����

� 	 � ���������

� 	 �����

������	�������

N

			�����

������

NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Structure contours determined from cross sections (some are shown
on plate 3) and published map data using descriptive geometry 
techniques.  Values are approximate and suitable for estimating 
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum.
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NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Isochore (verical thickness) values determined from cross sections
shown on plate 3.  Values are approximate and suitable for estimation
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum
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Isochore line showing vertical thickness GWC; short
dashed where  GWC covered and geologic constraints
lacking; queried where uncertain or potentially absent
beyond where shown.

Trace of fault at ground surface; short dashed where
covered.

Trace of upper or lower contact; short dashed where
covered; dashed where location differs from previous
mapping by others; arrow indicates dip direction where
contact overturned.

Lower contact of Keetley Volcanics; dashed where
unconsolidated deposits cover consolidated rock.

Area where formation crops out at surface or covered
by shallow unconsolidated deposits.

Section line.

Water well with thickness of GWC or Keetley Volcanics
indicated in feet.
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NOTES

1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Structure contours determined from cross sections (some are shown
on plate 3) and published map data using descriptive geometry 
techniques.  Values are approximate and suitable for estimating 
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum.
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1. Base map from United States Geological Survey (USGS) 30x60 
minute series (topographic) Salt Lake City, Utah - Wyoming,1980.

2. Isochore (verical thickness) values determined from cross sections
shown on plate 3.  Values are approximate and suitable for estimation
purposes only.

3. GWC = Ground Water Compartment, SGWC = Stratigraphic Ground
Water Compartment, NGVD = National Geodetic Vertical Datum
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